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“The ruins of an older world are visible in the present structure of our planet, and the strata
which now compose our continents have been once beneath the sea, and were formed out of the
waste of pre-existing continents. The same forces are still destroying, by chemical decomposition
or mechanical violence, even the hardest rocks.” – James Hutton
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ABSTRACT

Author: Moore, Angus, K. MS
Institution: Purdue University
Degree Received: December 2017
Title: Cosmogenic 10Be and 36Cl in Magnetite
Major Professor: Darryl Granger
Cosmogenic nuclides are widely used to assess catchment-averaged denudation rates,
although the method has been largely limited to the nuclide 10Be in the target mineral quartz.
This is because (a) quartz is resistant to weathering, (b) the production rate of 10Be in quartz has
been extensively studied and is well-constrained, and (c) quartz may be reliably separated from
other minerals and cleaned of meteoric 10Be. Denudation rates have remained difficult to
measure in volcanic landscapes due to a lack of quartz and the rapid weathering of olivine and
other alternative target minerals. This creates an interest in developing new target minerals that
may be used to reliably determine denudation rates where quartz is absent.
Magnetite is a promising target mineral candidate in several regards: (a) it is present in a
range of rock types, including many basic igneous rocks that lack quartz, (b) like quartz it is
resistant to chemical weathering, and (c) it may be collected in bulk and purified using simple
magnetic separation techniques. In this thesis, procedures intended to isolate the in situ-produced
10

Be and 36Cl signals in magnetite and to prepare magnetite samples for 10Be and 36Cl

measurement by AMS are presented. The production rates of 10Be and 36Cl in magnetite are then
calibrated using late-Pleistocene age glacial erratics from the eastern Sierra Nevada, California
and banded iron samples from a slowly eroding ridge in the Quadrilátero Ferrífero, Minas
Gerais, Brazil. Finally, the calibrated production rates are applied to determine denudation rates
at 12 catchments in the Sierra Nevada region that encompass a range of weathering
environments.
The results produce production rate estimates of 2.13 +/- .08 atoms g-1 yr-1 for 10Be and
1.24 +/- .03 atoms g-1 yr-1 for 36Cl in pure magnetite at sea level and high latitude. Denudation
rates from 10Be in magnetite are often biased low by residual meteoric 10Be, whereas denudation
rates from 36Cl reproduce those from 10Be in quartz within the expected range of variability.
Thus, 36Cl in magnetite may serve as a suitable nuclide/target mineral pair for determining

xi
denudation rates in the absence of quartz. However, more work is needed to precisely calibrate
the production rate of 36Cl from titanium, which readily substitutes for iron in magnetite’s crystal
structure, and to reduce the native chloride content of magnetite samples to negligible levels.
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INTRODUCTION

1. Denudation Rates from Cosmogenic Nuclides
High-energy galactic cosmic rays are continuously impinging on the Earth’s atmosphere
where they induce a cascade of secondary cosmic-ray particles. Terrestrial cosmogenic nuclides
are the products of nuclear reactions between secondary cosmic rays and earth materials (Lal and
Peters, 1967). Through the course of the last three decades, a set of geochronologic systems have
emerged exploiting terrestrial cosmogenic nuclide production and decay to constrain burial dates,
exposure ages, and erosion rates of geological and geomorphic features (Dunai, 2010; Gosse and
Phillips, 2001; Granger et al., 2013).
At the Earth’s surface, the hadronic component of the secondary cosmic ray flux is
dominated by high-energy neutrons. These impact the nuclei of target elements in rock and soil
and induce nuclear reactions that produce nuclides such as 10Be, 26Al, and 36Cl that are
extensively applied in the earth sciences. The flux of high-energy neutrons is attenuated rapidly
with mass-depth and becomes negligible a few meters below the surface. For a sample exhumed
rapidly from depth by, for example, glacial erosion or mass-wasting, an inventory of cosmogenic
nuclides will begin accumulating at the time of near-surface exposure. If the production rate of a
specific nuclide in that sample is known, then the nuclide concentration, less any radioactive
decay, can be divided by the production rate to give the exposure age (Nishiizumi et al., 1989;
Phillips et al., 1990). Likewise, the nuclide concentration in a sample slowly advected to the
surface by continuous, steady-state erosion will depend on the speed with which that sample
transited the zone of cosmogenic nuclide production and thus reflect the erosion rate averaged
over millennial timescales (Granger et al., 1996; Lal, 1991).
This novel metric with which to pace the tempo of erosion, formerly an elusive process
rate, has wide-ranging applications. The ability to quantify denudation on spatial scales ranging
from the outcrop to the hydrologic basin, while achieving temporal averaging intermediate
between sediment gauging and low-temperature thermochronology, has provided new insights
into an array of questions involving hillslope processes (Anderson, 2015; Heimsath et al., 2002;
Small et al., 1999), active tectonics (Olivetti et al., 2012; Siame et al., 2015), and soil production
and erosion (Dixon and von Blanckenburg, 2012; Kirchner et al., 2001; Larsen et al., 2014a). To

2
date, well over one thousand measurements have been made in a diverse range of geomorphic
settings spanning much of the globe (Portenga and Bierman, 2011). Increasingly, worldwide
compilations of cosmogenic nuclide denudation rates are used to study global patterns in the
distribution and driving factors of denudation, and to inform scientific debate on the fundamental
mechanisms governing the Earth system (Harel et al., 2016; Kirchner and Ferrier, 2013; Larsen
et al., 2014b; Willenbring et al., 2013, 2014).
Pairing cosmogenic nuclides with a geochemical mass-balance approach enables a deeper
analysis in which the denudation rate may be deconvolved into its chemical and physical
components (Riebe et al., 2001b). This type of analysis is based on enrichment of insoluble
cosmogenic nuclide target minerals, such as quartz, in soil by preferential dissolution of more
soluble soil constituents (Small et al., 1999). The residence time of a weathering-resistant target
mineral in the soil will therefore be greater than that of the average soil mineral, such that the
target mineral will accumulate a proportionately greater nuclide inventory (Riebe and Granger,
2013). The extent of target mineral enrichment is related to the vigor of weathering. The massbalance approach exploits this linkage by using mineral enrichment to infer the magnitude of the
chemical weathering component of denudation. Variations on this framework have been widely
applied to investigate the climatic and tectonic controls on silicate weathering rates (Dixon et al.,
2009; Ferrier et al., 2010; Riebe et al., 2001b; Yoo et al., 2007).
At present, the most commonly applied nuclide/target mineral pair in weathering and
erosion studies is 10Be in quartz. This pair is favored because the 10Be production rate in quartz is
well studied (Balco et al., 2008; Borchers et al., 2015; Nishiizumi et al., 1989), and because
quartz is geologically abundant, has a tight crystal structure and consistent stoichiometry, and is
resistant to weathering. Even more crucially, a reliable set of procedures exist to clean quartz
samples of meteoric 10Be (a variety of the isotope produced in the atmosphere, delivered to the
ground surface by precipitation, and strongly retained in the weathering profile) and isolate the in
situ-produced signal (Kohl and Nishiizumi, 1992). Together, these qualities make quartz a highly
useful target mineral.
However, quartz is not ideal in all respects: it is labor-intensive to separate from other
minerals (most laboratories use a process involving magnetic separation, froth flotation, heavy
liquids, and repeated acid etching that may stretch across multiple weeks), requires digestion in
copious quantities of a hazardous hydrofluoric/nitric acid cocktail, and, most importantly, is
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absent from most mafic and silica-under-saturated rocks. This problem confounds investigation
of weathering and erosion in non-quartz-bearing landscapes using cosmogenic nuclide
techniques and creates an interest in developing new target minerals that can extend the
applicability of cosmogenic nuclides to these environments.

2. Magnetite as a Target Mineral
Magnetite is a promising target mineral candidate. It is a common accessory phase in
many rock types, including mafic and ultramafic lithologies that lack quartz, and comprises
approximately 1.5 percent of all crustal materials (Clark and Emerson, 1991). Magnetite’s most
salient property is its strong ferrimagnetism that arises from its spinel structure consisting of A
and B sub-lattices. The A sub-lattice is composed of tetrahedral sites occupied exclusively by
Fe3+, whereas the B sub-lattice is composed of octahedral sites occupied by both Fe3+ and Fe2+.
The magnetic moments are antiparallel so that the ferric iron atoms in the A and the B sublattices cancel, leaving magnetite with a net magnetic moment from the ferrous iron and the
ability to acquire strong magnetization in an applied field (Evans and Heller, 2003). This allows
magnetic collection and separation methods to be used to rapidly obtain large, high-purity
mineral separates. Furthermore, magnetite is readily soluble in both hydrochloric and organic
acids which facilitate dissolution by chelating Fe with Cl and organic ligands, obviating the need
for hydrofluoric acid in sample chemical preparation. Magnetite therefore has the potential to
expand the scope of cosmogenic nuclide methods with procedures that are both simpler and safer
than those required for quartz.
Pure, endmember magnetite consists exclusively of Fe and O as Fe3O4. Despite the
simple target chemistry, these two elements provide production pathways for an array of
cosmogenic nuclides including 53Mn (Schaefer et al., 2006) and 36Cl (Stone, 2005) from Fe, 10Be
from oxygen (Nishiizumi et al., 1989), and 3He (Kober et al., 2005) from both. The ability to
measure multiple nuclides in a single mineral is especially useful in that multiple nuclides may
be cross-compared with one another. Deviations from the expected ratio between different
nuclides may provide insight into geomorphic history (Granger and Muzikar, 2001), production
rate scaling (Argento et al., 2013; Schimmelpfennig et al., 2011b), or the presence of meteoric
contamination (Blard et al., 2008; Braucher et al., 2006). Conversely, consistency between
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multiple isotopes increases confidence in the interpretation of a nuclide concentration as an
exposure age or denudation rate. Of the nuclides produced in magnetite, 10Be and 36Cl are
particularly attractive. These isotopes can be measured by accelerator mass spectrometry (AMS)
with generally good signal to noise ratios and analytical precision on the order of a few percent.
Moreover, both 36Cl and 10Be should have production rates in magnetite that are on the same
order of magnitude as 10Be in quartz, and therefore should be tenable for geomorphic
applications.
There are several challenges to developing 10Be or 36Cl in magnetite as a nuclide/target
mineral pair. First, reliable procedures to isolate the in situ-produced signal from the meteoric
signal must be developed. Next, the production rates of 10Be and/or 36Cl in magnetite need to be
precisely and accurately calibrated. Finally, denudation rates using magnetite must be tested
against those from quartz across a range of weathering environments to determine whether the
two minerals are similarly enriched by chemical weathering. If magnetite is enriched to the same
extent as quartz, then the same mass-balance approach may be applied to correct denudation
rates and interpret weathering rates from cosmogenic nuclide concentrations in both minerals.

3. The Scope of this Work
This thesis addresses each of the obstacles outlined above with the goal of developing
magnetite as a new target mineral for use in weathering and erosion studies. It is organized into
two chapters:
1. In Chapter 1, the production rates of 10Be and 36Cl in magnetite are constrained using
a set of calibration samples including granitic glacial erratics from the Sierra Nevada,
California and the banded iron formation from the Quadrilàtero Ferrìfero in Minas
Gerais, Brazil. Production rates are determined with reference to well-constrained
geomorphic histories as well as 10Be in co-existing quartz.
2. In Chapter 2 the production rates obtained in Chapter 1 are applied to test denudation
rates from 10Be and 36Cl in magnetite against those from 10Be in quartz and from
independently measured sediment volumes at a series of catchments in the Sierra
Nevada region.
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This work has several important implications. It presents a new production rate estimate
for 36Cl from iron that serves to both enable the use of iron oxides as 36Cl target minerals and to
improve the accuracy of 36Cl exposure ages from whole-rock basalt and other high-iron
materials. It also demonstrates that meteoric 10Be has a strong affinity for Fe oxides, and that
these minerals may play a critical role in governing meteoric 10Be systematics in the soil
environment. Most significantly, this thesis establishes that cosmogenic denudation rates from
36

Cl in magnetite can reproduce those from 10Be in quartz across a range of weathering

environments within the expected level of variability. Magnetite may therefore serve as a
suitable target mineral to broaden the applicability of cosmogenic nuclide denudation rate
measurements to volcanic landscapes with a paucity of quartz, provided that several remaining
obstacles are overcome.
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CHAPTER 1. CALIBRATION OF 10BE AND 36CL PRODUCTION RATES

1. Introduction
Accurate cosmogenic nuclide production rates are a prerequisite for accurate exposure
ages and denudation rates. Magnetite has appreciable spallation production pathways for 10Be
from oxygen and 36Cl from iron. Production of 10Be from oxygen has been studied in neutron
irradiation experiments (Klein et al., 1988), artificial water targets (Nishiizumi et al., 1996), and
extensively in quartz mineral separates (Borchers et al., 2015; Nishiizumi et al., 1989), but has
not been verified in magnetite. Likewise, the production rate of 36Cl from iron in terrestrial
samples has attracted relatively little attention and is thus poorly constrained. Most 36Cl
calibration studies focus on the more significant production pathways from potassium and
calcium, while either not considering production on iron (Swanson and Caffee, 2001; Zreda et
al., 1991) or fixing it at the preliminary value determined by Stone, (2005) (Marrero et al., 2015;
Schimmelpfennig et al., 2011a). This production rate, published only in abstract form, is too
uncertain to be used to be used for samples in which spallation on Fe dominates 36Cl production.
Precise and accurate calibration of either the 10Be or 36Cl production rate is an essential first-step
towards enabling magnetite’s use as a target mineral.
In theory, a nuclide’s production rate may be calculated by integrating the excitation
function of the production reaction over the secondary cosmic ray flux (Masarik and Beer, 2009;
Masarik and Reedy, 1995). However, as accurate neutron cross-section data are scarce for many
reactions, it is usually most expedient to empirically calibrate production rates using geological
samples. This may be approached in two ways: absolute calibration, in which the production rate
of interest is calculated from a measured nuclide concentration and an independently wellconstrained exposure history, and relative calibration, in which a poorly known production rate is
calibrated against the well-constrained production rate of another nuclide.
The accuracy of an absolute calibration is directly dependent on the veracity with which
the independent exposure history is known. Preferred calibration sites include geomorphic
features such as glacial moraines and ice scoured surfaces (Balco et al., 2009; Borchers et al.,
2015; Goehring et al., 2012), lava flows (Amidon et al., 2009; Goehring et al., 2010;
Schimmelpfennig et al., 2011a), and landslide scarps (Kubik et al., 1998; Schimmelpfennig et al.,
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2014) with simple exposure histories constrained by limiting 14C or 40Ar/39Ar dates. An implicit,
although sometimes invalid, assumption in this approach is that the cosmogenic clock starts
simultaneously with that of the independent geo-chronometer. Furthermore, a production rate
absolutely calibrated at some location must be rescaled if used at another location to account for
inter-site differences in the neutron flux, which is a function of sample exposure geometry, air
pressure, and geomagnetic cutoff rigidity. The physical framework used to perform this
transformation is known as a scaling model or scaling scheme. Conventionally, calibrated
production rates are first scaled to a sea level, high latitude (SLHL) value known as a reference
production rate, which may then be rescaled to the site of interest. As there are currently several
published scaling models, it is imperative that the same model used to calculate the reference
production rate from calibration data also be used to rescale the reference rate. In practice, this
requires calculating a unique reference production rate for each scaling scheme (Borchers et al.,
2015).
As the number of cosmogenic nuclide calibration studies has increased, so has the
potential for relative calibration. This approach involves determining an unknown production
rate with reference to a better known production rate, most often 10Be in quartz or 3He in olivine
or pyroxene (Amidon et al., 2009; Balco and Shuster, 2009; Gayer et al., 2004; Schimmelpfennig
et al., 2011b). The main advantage of a relative calibration is that, insofar as differential decay
between the two isotopes is negligible and the attenuation lengths of the relevant production
reactions are indistinguishable (i.e. the excitation functions are similar), the ratio between the
concentrations of the two nuclides depends only on the production rate ratio and is insensitive to
the details of exposure history. The ratio will also be constant across all scaling schemes and will
be unaffected by their inaccuracies. However, the accuracy and precision of a relative calibration
is directly limited by the accuracy and precision held by the known production rate against which
the calibration is performed.
Here I take a hybrid approach and calibrate the production rates of 36Cl and 10Be in
magnetite against those of 10Be and 26Al in co-occurring quartz at sites that have good constraints
on exposure history. These sites approximate two end member geological scenarios: constant
exposure and steady state erosion. They comprise a series of glaciated catchments on the eastern
margin of the Sierra Nevada, California, which are modeled as approaching the former, as well
as an individual location in the Quadrilàtero Ferrìfero in Minas Gerais, Brazil, for which
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evidence indicates the latter. Together, these sites span a range of moderate to high elevations
and low to mid latitudes. They may therefore provide insight into possible variation in the
36

Clmt/10Beqtz production rate ratio due to changes in the energy spectrum of the secondary

cosmic ray flux with elevation and geomagnetic latitude.
Successful calibration of 36Cl and 10Be production rates in magnetite depends on isolating
36

Cl and 10Be produced in situ by the reactions of interest. In magnetite that is pure,

stoichiometric, and lacks chloride-bearing fluid inclusions, production of 36Cl will be dominated
by spallation on iron. However, 36Cl is also produced by spallation and muon reactions on other
common rock forming elements such as potassium, calcium, and titanium (Marrero et al., 2015)
that may readily substitute for iron in magnetite’s crystal structure. More importantly, there are
36

Cl production pathways through thermal and epithermal neutron capture on 35Cl. The relative

significance of these pathways in any particular sample is dependent not only on the sample’s
stable chloride concentration, but also on the low-energy neutron flux in the subsurface. This is
regulated by the neutron absorption and resonance properties of the sample’s environment
(Phillips et al., 2001) and is therefore highly sensitive to the presence of key neutron absorbing
and moderating elements such as hydrogen and is thus difficult to constrain. Furthermore,
meteoric 36Cl and 10Be are ubiquitous in the near-surface environment and must be quantitatively
removed from calibration samples in order to accurately interpret the in situ-produced signal. In
this chapter, a set of procedures intended to reduce magnetite chloride content and remove
meteoric isotopes are presented and evaluated.

2. Calibration Sites

2.1 Sierra Nevada
The Sierra Nevada has a rich legacy of production rate calibration studies, beginning
with the pioneering work of Nishiizumi et al. (1989) and continuing to the present (Phillips,
2016; Phillips et al., 2016b). The high-altitude glaciated catchments on the eastern flank of the
range are well-suited for calibration because deep glacial erosion through the Pleistocene has
exposed fresh rock surfaces with minimal cosmogenic inheritance and because the chronology of
late-Pleistocene deglaciation is well established by limiting 14C dates from organic material
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deposited in glacially excavated lakes and entrained in pro-glacial outwash (Clark and Gillespie,
1997). These characteristics, along with the co-occurrence of appreciable quantities of both
quartz and magnetite in the I-type granitoids in the eastern portion of the Sierra Nevada Batholith
(Ishihara and Sasaki, 1989), make this region particularly promising for both absolute and
relative calibration of 10Be and 36Cl production rates in magnetite.
Modern workers divide the glacial deposits of the Sierra Nevada into eight named
intervals, the last two of which correspond to the LGM and latest-Pleistocene advances and are
termed the Tioga and the Recess Peak, respectively (Gillespie and Zehfuss, 2004). Deposits of
these stages are natural targets for production rate calibration because of their relatively pristine
condition and recent exposure ages which are within the range of radiocarbon dating. The Tioga
interval is subdivided into four sub-stages, each marked by a recessional moraine and
corresponding to a brief re-advance after the LGM. Following the final sub-stage, Tioga 4, ice
retreated fully to cirque headwalls (Phillips et al., 2009). During the latest Pleistocene Recess
Peak stage, ice briefly re-advanced; however, this ice reached only about one-tenth as far downvalley as did the Tioga 4 glacier (Phillips, 2016b). Younger glacial deposits have been identified
behind the Recess Peak moraine in several high elevation cirques and are conventionally
associated with the Little Ice Age re-advance known as the Matthes stage (Clark and Gillespie,
1997). Phillips (2016b) presents a comprehensive review of late-Pleistocene and Holocene
glacial fluctuation in the Sierra Nevada collating the available 14C chronology to more clearly
elucidate the history of ice fluctuation around the CRONUS-Earth and historical cosmogenic
nuclide calibration sites in the region. For consistency with the CRONUS-Earth results, the deglaciation ages from Phillips (2016b) are adopted as the independent exposure ages for use in
absolute calibrations in this study.
Granodiorite and tonalite erratic boulders were sampled from three high-altitude (25603360m) glaciated catchments. Each sampling site was located at or near the site of one or more
prior cosmogenic nuclide studies. From north to south these sites are Bloody Canyon, (Phillips et
al., 1990), Rock Creek (Evans et al., 1997; Nishiizumi et al., 1989), and Baboon Lakes (Marrero
et al., 2015; Phillips et al., 2009; Phillips, 2016) (Fig. 1.1). Two of these sites, Baboon Lakes and
Rock Creek, were incorporated into the CRONUS-Earth project as secondary calibration sites
and were used to assess the uncertainties in the primary calibration (Borchers et al., 2015;
Phillips et al., 2016a). All sampling locations lie well above the elevation of the Tioga 4 moraine
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and below the extent of Matthes deposits. 5-10 kg of rock was collected with a hammer and
chisel from the tops of granitic boulders resting on local bedrock highs presumed to be
geomorphically stable. Erratic boulders (Fig. 1.2) greater than 1 m in diameter were preferred
over bedrock because they less often carry an inherited nuclide inventory (Fabel et al., 2002)
and, standing above the ground surface, are more moderately affected by snow shielding and
post-glacial exhumation from sediment cover than are bedrock samples (Heyman et al., 2016).
The U-shaped Rock Creek Valley stretches approximately 20 km along a
northeast/southwest strike from its terminal moraine complex to headwall cirques. Ruby Lake,
one of the original calibration sites of Nishiizumi et al., (1989), as well as Evans et al.'s (1997)
Morgan Pass site are located within the Rock Creek Valley. Samples were collected from two
erratics on the upper Rock Creek valley floor between Morgan Pass and Ruby Lake: one located
immediately below Morgan Pass and the other on a bedrock knoll above a major step in valley
topography. Both lie below the elevation of the Recess Peak moraine, but well above the Tioga 4
moraine and therefore have exposure ages penecontemporaneous with the Tioga 4 retreat.
Phillips et al. (2016b) places retreat of ice from the Tioga 4 moraine as beginning before 16.2 +/0.5 ka based on published radiocarbon ages from organics entrained in post-glacial sediment
from East Lake on the N. Fork of the King’s River as well as Highland Lakes in the eastern
Sierra Nevada. A radiocarbon date from organic material at Greenstone Lake, also located in the
eastern Sierra, but well above the elevation of the Tioga 4 moraines, indicates retreat from that
position before 15.7 ka (Clark, 1997; Clark et al. 2003). Additionally, a tight clustering of 36Cl
exposure ages above the Tioga 4 moraine in the Bishop Creek drainage, regardless of sample
elevation, was observed by Phillips (2009) and interpreted to support a rapid Tioga 4 retreat,
likely lasting less than 500 years. Phillips (2016b) therefore assigns the midpoint of the Tioga 4
retreat an age of 15.75 +/- 0.25 ka which I adopt as the exposure age for both Rock Creek Valley
erratics.
The Baboon Lakes consist of a series of tarns situated in an over-deepening in the upper
reaches of the Middle Fork of the Bishop Creek drainage. The Recess Peak moraine loops from a
topographic high on a bedrock sill to the east of the lakes, across the lower Baboon Lake, and up
the western wall of the cirque where it is well-exposed and sharp crested. Three erratics were
sampled from behind the Recess peak moraine on bedrock highs around the middle Baboon
Lake. These samples lay on or near several of the recessional moraines mapped by Clark and
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Gillespie (1997) however, as these recessional moraines are small and poorly developed, they
likely do not represent prolonged stasis in ice retreat. A radiocarbon age from basal post-glacial
gyttja from the middle Baboon Lake was reported by Clark & Gillespie (1997) and recalibrated
in Phillips et al. (2016b) to constrain deglaciation to before 13.08 +/- 0.07 ka. Considering lag
time to recolonization by vegetation, Phillips et al. (2016b) assigns the end of the Recess Peak an
age of 13.25 +/- 0.25 ka, which is adopted as the deglaciation age for this site.
The nested moraine complex at the mouth of Bloody Canyon was the site of one of the
first attempts at cosmogenic dating of glacial moraines (Phillips et al., 1990). At Bloody Canyon,
the top of a single erratic boulder resting on the edge of a step in the valley floor topography
approximately 1 km up valley from the Tioga 4 moraine was sampled. This erratic was several
meters in diameter and stood nearly two meters above the ground with a pitted and weathered
upper surface. As this sample was located well up-ice of the Tioga 4 moraine, but significantly
below the elevation of Recess Peak deposits, Phillip et al.’s (2016b) midpoint of the Tioga 4
retreat (15.75 +/- .25 ka) is adopted as the deglaciation age. The sampled boulder contained an
appreciably lower concentration of magnetite than those collected at the Rock Creek Valley and
Baboon Lakes. All sample locations and independent exposure ages are given in Table 1.1.

2.2 Brazil
The Quadrilàtero Ferrìfero is named for an approximately quadrilateral ridge of
Proterozoic quartzite and metamorphosed banded iron formation (itabirite) of the Itabira Group
which crops out across an approximately 7000 km2 region in central Minas Gerais, Brazil (Fig.
1.3). The ridge rises to an elevation of more than 500 m above the surrounding lowlands, relief
which has long been attributed to differential weathering between the competent rocks of the
Itabira Group and the less resistant surrounding argillites (Dorr, 1969). The region experienced a
complex deformational and metamorphic history, including metamorphism to amphibolite facies
(Klein and Ladeira, 2000; Marshak and Alkmim, 1989). Consequently, the itabirite contains
coarsely crystalline quartz, hematite, and magnetite which is frequently pseudomorphed to
hematite (martite). Most exposed rocks are intensely weathered, with an alteration profile that
extends locally to nearly 500 m in depth and averages approximately 150 m (Dorr, 1969).
Lateritic deposits are common, and iron-oxide facies rocks are frequently covered in a
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ferruginous durricrust composed of secondary oxy-hydroxides that is known locally as canga.
This caps most ridgelines.
There is a substantial body of geomorphic and geochronologic evidence supporting an
exposure history consisting of slow, steady-state erosion. U/Th-He and Ar40/Ar39 geochronology
on secondary minerals such as goethite and hollandite group manganese oxides imply the
development of a deep weathering profile in the latest Cretaceous and early Cenozoic that is
largely preserved to the present (Monteiro et al., 2014; Spier et al., 2006). Prior cosmogenic
work in and around the Quadrilàtero Ferrìfero also indicates low erosion rates. Salgado (2008)
reported 10Be concentrations in fluvial sediment eroded from quartzites in the Quadrilàtero
Ferrìfero as high as 52 M atoms g-1, signifying a denudation rate of 0.29 m/My. Similarly, high
10

Be concentrations were measured in quartz veins by Shuster et al. (2012). Although some

thermochronologic evidence suggests burial during the middle Cenozoic (Japsen et al., 2012),
implying that the early Cenozoic deep weathering profile may have been recently exhumed, I
submit that, at least over the averaging timescale of cosmogenic nuclides, steady-state erosion is
a reasonable approximation.
Samples were collected from bedrock exposures of the iron-oxide facies of the Itabira
Group on the ridge-crest immediately north of the town of Ouro Preto (Figs. 1.3 and 1.4). Canga
was largely absent from the sampling location. 1-1.5 kg samples with magnetite and quartz in
closely associated bands were collected from a resistant quartz vein. The quartz consisted of
coarse vein quartz with individual crystals greater than one cm in diameter as well as a much
smaller component of fine grained, weathered, and somewhat friable quartz. The iron-oxide
fraction was dominated by fine, specular crystals of magnetite and hematite altered to goethite
along fractures.

3. Methods

3.1 Mineral Separation and Purification
3.1.1 Quartz Separation
All samples were crushed in a jaw crusher and then ground in a disc mill and sieved to
obtain a uniform 250-500 μm fraction. Ferromagnetic grains were removed using a magnetic rod
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constructed of several cylindrical, diametrically magnetized neodymium-iron-boron magnets
encased in a plastic tube (see Chapter 2, Section 3.1). This fraction was set aside for magnetite
separation. The samples were then homogenized and a bulk aliquot of several hundred grams
was taken from each and washed to remove fines. Quartz was extracted and purified using
standard PRIME lab mineral separation procedures. In brief, the samples were passed through a
high-intensity magnetic separator to remove paramagnetic grains before froth flotation in a
solution of dilute acetic acid and lauryl amine to remove feldspars. This was followed by
repeated etching in 5% HF/HNO3 on hotdog rollers and density separation in lithium
heteropolystungstate (LST). The resulting quartz separates were cleaned with two etches in 1%
HF/HNO3 in an ultrasonic tank. Quartz purity and beryllium and aluminum content was assayed
on a quarter gram aliquot using an ICP-OES.

3.1.2 Magnetite Separation
The 250-500 μm magnetic fraction collected with the magnetic rod was composed
primarily of polymineralic grains. To separate individual magnetite crystals, the samples were
comminuted to approximately silt size in a hardened steel SPEX Shatterbox running on the
maximum setting for five minutes. The silt sized magnetite was separated from non-magnetic
minerals by washing in RO purified water while using the magnetic rod to retain magnetite
grains, and by dry magnetic separation in which the sample was spread on a sheet of paper and
the magnetic fraction collected by passing the rod two or three cm above the surface of the paper.
Three to five cycles of washing and dry magnetic separation were sufficient to achieve a
magnetite separate of around 98-99% purity.
Meteoric 10Be incorporates strongly into secondary iron oxides which may form as
alteration products on magnetite (Bourles et al., 1989; Wittmann et al., 2012). Therefore, these
must be quantitatively removed in order to accurately distinguish the in situ-produced 10Be signal
from the meteoric signal. Procedures for removing secondary iron oxides were adopted from
(Mehra and Jackson, 1958). The magnetite separate was placed in a flask with 500 mL of 0.3 M
sodium citrate (Na3C6H5O7) buffered to pH ~7.3 with Na-bicarbonate (NaHCO3) and heated to
between 80-90◦C. After reaching temperature, 5 grams of Na-dithionite (Na2S2O4) were added in
order to reduce the ferric iron in secondary iron oxides and facilitate their rapid dissolution. This
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was allowed to react for 5 minutes with near continuous swirling. After 5 minutes, 5 more grams
of Na-dithionite were added, and the reaction was allowed to proceed for a further 10-15 minutes
with periodic swirling. The citrate solution was then decanted, and the magnetite washed 3 times
with 300-400 mL of 18.2 MΩ-cm water. This extraction was repeated 4 times for pilot samples
from Rock Creek (LL15-2 (1)) and Baboon Lakes (BL15-3 (1)), and five times for each of the
remaining Sierra Nevada samples. The same extraction was conducted 9 times on the aliquots of
the Brazilian magnetite that were analyzed for 10Be and 2 times on each of the 36Cl aliquots.
The samples in the pilot batch were found to contain a significant amount (~20 ppm) of
stable chloride, which was likely sourced from fluid inclusions in the magnetite. In order to
reduce stable chloride concentrations, the remaining samples were subject to a secondary fine
grinding procedure to destroy fluid inclusions and remove included chloride as well as a more
thorough mineral surface desorption protocol to eliminate any persistent surface adsorbed
chloride. The procedure consisted of grinding the samples in 18.2 MΩ-cm water for 3-4 minutes
in a SPEX 8000 tungsten carbide ball mill. The chloride liberated into the water was isolated,
purified, and analyzed for 36Cl/ClTot and 35Cl/37Cl by AMS in an effort to directly constrain the
amount of 36Cl in the sample that was produced by low-energy neutron capture. However, the
blank associated with these samples was contaminated by chloride with a high 36Cl/ClTot ratio.
This chloride likely originated from the tungsten carbide grinding vial or ball. These were
original to the 1974 model SPEX mill and had an unknown sample-prep history. Due to the high
level of contamination, these analyses produced ambiguous results and are not discussed further
here (see Appendix B for data).
Cl and Be adsorption to the surface of the magnetite was addressed through a two-stage
leaching protocol. Iron oxides acquire a positive surface charge and anion exchange capacity at
low pH and negative surface charge and cation exchange capacity at high pH by protonation and
deprotonation of the negatively charged surface Fe-O sites (Cornell and Schwertmann, 2003;
Kingston et al., 1972). This allows the surface of magnetite grains to adsorb both negatively
charged Cl- ions as well as positively charged Be2+ ions, depending on solution pH. The point of
zero charge on synthetic magnetite is in the vicinity of pH 8, although it is probably slightly
lower for natural specimens (Tombácz, 2009). To remove both Cl and Be, the samples were
leached in 10% nitric acid for 24 hours to desorb Be2+ and then rinsed three times in 18.2 MΩcm water. This was followed by three consecutive leaches in ~1% ammonium hydroxide to
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desorb Cl-. These leaches were conducted for increasing time intervals of 10 minutes, 1 hour, and
18 hours as a guard against kinetic limitations on desorption.

3.2 Magnetite Chemistry
3.2.1 Dissolution
The clean magnetite separates were dissolved in 1-liter HDPE bottles. The samples were
spiked with 1 mg of 35Cl enriched carrier (as sodium chloride) with 35Cl/37Cl of 272 (ICON
Isotopes) and approximately 350 μg of an in-house, low-level 9Be carrier (as beryllium nitrate)
prepared from deep-mined phenacite. The samples were digested in an approximately 1 M oxalic
acid solution (High Purity, GFS Chemicals) as suggested by (Matsumura et al., 2014) with a
mineral to acid charge not exceeding 30 g magnetite/liter oxalic acid (Lee et al., 2006; Panias et
al., 1996; Salmimies et al., 2011; Taxiarchou et al., 1997). Oxalic acid is advantageous in that it
selectively attacks iron oxides while only gently etching silicates. It is also relatively nonhazardous when compared with the concentrated HF/HNO3 solutions typically employed to
dissolve silicate mineral separates. Dissolution was conducted at approximately 50◦C on hotdog
rollers. As the dissolution progressed, yellow-brown ferrous oxalate precipitate accumulated in
the bottles. The rotation provided by the hotdog rollers prevented the precipitate from forming a
crust, allowing dissolution to progress. For all samples, dissolution was completed within seven
days with the exception of small quantities of residual silicates and other oxalic-insoluble
minerals.

3.2.2 Cl Isolation
After dissolution was complete, a volume of 16 N HNO3 equivalent by mass to 10% of the
mass of the oxalic acid was added to each sample to dissolve the ferrous oxalate precipitate in
the unknowns and suppress the precipitation of Ag-oxalate in the blank. After the ferrous oxalate
dissolved, an excess of 1 M AgNO3 was added dropwise to the samples to precipitate AgCl. The
precipitate was allowed to flocculate for 5-10 minutes and then collected along with the oxalicinsoluble mineral fraction by filtering through a 2-micron glass-fiber filter into a polycarbonate
vacuum filter apparatus. AgCl was complexed, dissolved, and leached off the filter paper by the
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addition of 50 drops NH4(OH) followed by ~25 mL 18.2 MΩ-cm water. The Cl bearing solution
was collected and transferred to a centrifuge tube. AgCl was re-precipitated by the addition of ~3
mL of 16 N HNO3 and several drops 1 M AgNO3. The resulting crude AgCl precipitate was
collected by centrifugation and washed with nitric acid and 18.2 MΩ-cm water to remove any
residual Ag-oxalate. Meanwhile, the oxalic-insoluble minerals remaining on the filter were
washed, dried, and massed. The mass of the residual mineral fraction was subtracted from the
initial sample mass to yield the mass of dissolved sample.
The crude AgCl precipitate was complexed with 10 ml of 0.1 M NH4(OH) and loaded
onto an anion exchange column with 2 ml of Dowex AG1-X8 (100-200 mesh) anion exchange
resin. For the pilot samples, this was converted from the chloride to the nitrate form with 10 mL
4 N HNO3. Incomplete conversion between the forms was determined to be a major source of
contaminant chloride in the pilot batch. Procedures were modified for the subsequent batch such
that the resin was conditioned with 20 ml 4 N HNO3. This resulted in a reduction of contaminant
chloride from the sample chemistry by a factor of two. Each sample was loaded onto a column
followed by a wash of 10 mL 0.1 M NH4(OH). Next, 10 mL 0.05 N HNO3 was fed through the
column to elute impurities with a low affinity for the resin. Chlorine was then eluted into a
centrifuge tube with 20 ml 0.15 N HNO3 and re-precipitated as AgCl by the addition of an excess
of AgNO3. The precipitate was collected by centrifugation and washed twice in 18.2 MΩ-cm
water. The pure AgCl product was transferred to a 1.5 mL micro-centrifuge tube, centrifuged
into a pellet, and dried overnight. The dry product pellet was loaded into a silver bromide filled
copper cathode for AMS analysis.

3.2.3 Be Isolation
After Cl was isolated from the oxalic acid solution, Be was co-precipitated with ferric
hydroxide by adjusting the solution to pH 9 with NH4(OH). Ammonium hydroxide was preferred
over sodium hydroxide or other alkali bases because of the greater solubility and slower rate of
precipitation of ammonium-oxalate than alkali-oxalates. The precipitate was collected by
centrifugation and washed several times to remove excess NH4(OH) as well as ammonium and
ferrous oxalates. The hydroxides were converted to chlorides in concentrated HCl and dried
down. The chlorides were then taken up in 9 N HCl and the Fe was extracted with isopropyl
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ether. Although the maximum distribution coefficient between the aqueous and ethereal phases
occurs in around 8 N HCl, a 9 N HCl solution was found to be more effective. This is likely due
to the high concentration of Fe in the aqueous phase before the extraction (as high as ~3
mol/liter). As Fe is extracted as an HFeCl4 complex, the extraction efficiency for solutions with
very high Fe concentrations may be limited by the availability of chloride (Myers et al., 1950).
Be was separated from residual Fe, other cations, and oxalate in the extracted solution by
repeated selective pH precipitations. The resulting crude Be precipitate was complexed in 0.4 M
oxalic acid and purified by cation chromatography with Dowex 50W-X8 (100-200 mesh) resin.
The pure Be product was precipitated at pH 9 in the presence of EDTA. The Be was then
oxidized in a propane flame, mixed with niobium metal powder binder, and loaded into a
stainless-steel cathode for 10Be/9Be measurement by AMS.

3.2.4 Major and Trace Elements
Production from low-energy neutron capture is sensitive to the chemical composition of a
sample’s environment. Constraining the magnitude of this production pathway in the calibration
samples thus requires determining their bulk compositions. The concentrations of major elements
in the erratics were determined by XRF and trace elements by ICP-AES at SGS Minerals in
Lakefield, Ontario. Structural water was determined by the Penfield tube method. Calibrating the
production rate of 36Cl in magnetite also requires accounting for 36Cl production from
isomorphously substituted cations. Aliquots of the clean magnetite separates were taken
immediately prior to sample dissolution and were dissolved separately in HCl. The
concentrations of Ca, K, and Ti were measured by ICP-OES.

3.2.5 Alternate Chemistry for 10Be in Brazilian Magnetite
An alternative chemistry for 10Be in magnetite alone was employed for the 10Be aliquots
of the Brazilian samples. This chemistry was modified from (Fairhall, 1960). The mineral
separates were first spiked with approximately 250 μg of low-level 9Be carrier (as beryllium
chloride). Dissolution was conducted in PTFE dissolution vessels with a ~5:1 mixture of HCl
and HNO3 (aqua regia). Following dissolution, the samples were evaporated to dryness and then
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taken-up in 6M HCl. Ferric chloride was removed by repeated ethyl ether extractions. The
remaining unwanted metal chlorides were precipitated at ~pH 14 with Na(OH) and Be was then
precipitated from the supernatant at pH 8. The Be precipitate was dissolved in 2 mL 0.4 M oxalic
acid, purified by cation exchange chromatography. The Be product was then calcined, mixed
with niobium powder, and loaded into a stainless-steel cathode for measurement by AMS as in
Section 3.2.3.

3.3 Quartz Chemistry
Quartz samples were prepared using standard PRIME lab procedures. Pure quartz
separates were spiked with ~250 micrograms of 9Be carrier as well as sufficient Al ICP standard
to assure 2 mg of total Al in each sample. The samples were then dissolved in a ~5:1 cocktail of
48% HF and 16 N HNO3. After dissolution, a sub-sample was taken and assayed for Be and Al
contents by ICP-OES. Excess HF and silicon-fluoride complexes were removed by evaporation
in the presence of sulfuric acid. The sulfuric was then decomposed at high temperature and
resulting sulfates converted to chlorides by repeated dry-downs in HCl. Be was isolated from the
chlorides by selective pH precipitations and cation chromatography and a target prepared for
AMS measurement using the procedures described in Section 3.2.3.

3.4 AMS Measurements
10

Be/9Be, 26Al/27Al, and 36Cl/ClTot ratios were measured by AMS at PRIME Lab, Purdue

University. 35Cl/37Cl ratios were measured with Faraday cups on the high-energy end of the
AMS and Cl concentrations were determined through isotope dilution assuming mixing between
the 35Cl enriched spike and natural chloride with invariant 35Cl/37Cl (Desilets et al., 2006). 10Be
measurements were normalized to 07KNSTD and 26Al to KNSTD (Nishiizumi, 2004; Nishiizumi
et al., 2007). 36Cl was normalized to the standard described by Sharma et al. (1990).
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4. Analytical Results

4.1 Quartz
Measured concentrations of 10Be in quartz from the Brazilian site and 10Be and 26Al in
quartz from the Sierra Nevada sites are given in Table 1.2. All concentrations are corrected by
procedural blanks containing less than 1 x 105 atoms of 10Be or 26Al and accounting for no more
than 1% of the total 10Be or 26Al inventory in any sample. For the Sierra Nevada quartz sample
set, the concentrations of 9Be measured by ICP-OES were greater than those calculated from the
spike mass, suggesting an approximately 3% enrichment of the carrier by evaporation, or a
native 9Be concentration in the quartz on the order of several hundred ppb. As the enrichment is
approximately constant across all samples, and as no 9Be was measured in the initial quartz
purity assay, the first scenario is considered to be the most probable and all spike masses from
the Sierra Nevada sample set are corrected upwards by 3%. At the Brazilian site, 10Be
concentrations in two aliquots of each quartz sample were measured to check reproducibility.
These agreed well, and the inverse-variance-weighted mean and standard error of the two
aliquots are used as the sample concentration and uncertainty in all subsequent analysis.
Apparent exposure ages and erosion rates calculated from 10Be concentrations using the
time-invariant Lal/Stone (Stone, 2000) scaling model are shown in Table 1.3 (see section 5.1 for
discussion of the choice of scaling model). Apparent exposure ages from Baboon Lakes range
from 14.2 +/- 0.2 to 12.0 +/- 0.3 ka (internal uncertainty only) and have an inverse-varianceweighted mean of 13.3 +/- 0.2 ka. Samples from Rock Creek and Bloody Canyon collected from
behind the Tioga 4 moraine, but in front of the Recess Peak moraine, produce apparent exposure
ages ranging from 15.1 +/- 0.3 to 15.9 +/- 0.3 ka and give a weighted mean of 15.5 +/- 0.2 ka.
Both means are in good agreement with the independently determined exposure ages. The
measured 10Be concentrations in both the OP15-1 and OP15-2 Brazilian samples are
exceptionally high at 1.63 x 106 and 1.55 x 106 atoms/g. These concentrations are consistent with
the geomorphic model of the Quadrilàtero Ferrìfero as a slowly evolving landscape and yield
concordant denudation rates of 2.7 +/- 0.1 and 2.8 +/- 0.1 m/m.y.
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4.2 Magnetite
The 36Cl and stable chloride concentrations measured in magnetite are also given in Table
1.3. The 36Cl concentration was calculated from the measured 36Cl/ClTot ratio and the total
chloride content as determined by isotope dilution of the 35Cl-enriched carrier with stable
chloride diluent from the sample and reagents with a 35Cl/37Cl of 3.127. The 36Cl measurements
from the Sierra Nevada were made in two batches, while the Brazilian samples were analyzed in
a third batch. Each of these was processed with a separate procedural blank and analyzed on a
different 36Cl run. The 36Cl/ClTot ratio measured in a Cl procedural blank is the sum of three 36Cl
contributions: 36Cl introduced to the blank from chemical reagents and sample crosscontamination, 36Cl native to the 35Cl enriched spike, and memory in the AMS ion source of 36Cl
from previous samples. For the second batch of Sierra Nevada samples, a direct carrier
precipitate blank indicated significant source memory. This was accounted for by subtracting the
direct precipitate blank’s ratio from the ratio of each of the measured unknowns and the
procedural blank. The 36Cl inventory of the corrected procedural blank was then subtracted from
each unknown to produce fully corrected concentrations. Procedural blank subtractions ranged
between 0.84 x 105 atoms for the Brazilian sample set to 3.6 x 105 atoms for the second Sierra
Nevada sample set. This correction accounted for approximately 2% of the measured 36Cl
inventory for the preliminary Sierra Nevada and Brazilian batches, but up to 10% of the
measured 36Cl inventory for samples from the second Sierra Nevada batch. Unknown stable
chloride concentrations were also blank corrected by subtracting the mass of stable chloride in
the procedural blank above the mass of added chloride carrier.
10

Be concentrations measured in magnetite are also given in Table 1.2. Despite similar

exposure ages and scaling factors, the measured concentrations in the Sierra Nevada sample set
span a two-fold range of concentrations (2.2 x 105 to 4.4 x 105 atoms g-1). Beryllium was not
recovered from the blank associated with the Sierra Nevada magnetite sample set. A typical
beryllium chemistry blank processed at Purdue University and measured at PRIME Lab at the
time these samples were prepared tended to have a 10Be/9Be of 2-4 x 10-15. This is around 1-2%
of the measured 10Be/9Be for all the unknowns. Although a more severe blank correction is
possible, the 10Be concentrations of all reagents used in sample preparation, with the exception of
the high-purity oxalic acid, were previously characterized as essentially free of 10Be, so a more
significant correction is likely unwarranted. Similarly, 10Be concentrations measured in the
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Brazilian magnetite display a greater spread than those from the Brazilian quartz, ranging from
12 x 105 to 17 x 105 atoms/g. The 10Be concentrations in the Brazilian magnetite were corrected
by a procedural blank containing approximately 1 x 105 10Be atoms.

4.3 Elemental Compositions
Major and trace element concentrations in the bulk samples, which are used to calculate
neutron capture production rates (Section 5.1), are presented in Tables 1.4 and 1.5. Due to an
oversight, the chloride concentrations in the bulk samples were not measured, although the large
neutron capture cross section of 35Cl makes this an important element for regulating the lowenergy neutron flux. Instead, the concentrations of chloride in the bulk Sierra Nevada samples
were approximated by taking the average of the concentrations reported in whole-rock samples
from Baboon Lakes by (Phillips et al., 2009). The standard deviation of that average is used as
the uncertainty on the bulk sample chloride concentrations. Because neutron capture accounts for
only a small portion of total 36Cl production in each sample, and because chlorine is only one of
the elements controlling the low-energy neutron flux, this approach should introduce relatively
little uncertainty. Likewise, the compositions of the Brazilian samples were not measured, rather
quartz-itabirite compositions from Spier et al. (Spier et al., 2007) are assumed for major elements
while trace elements and analytical water were ignored. This approach likely introduces
significant uncertainty into the estimates of neutron capture production in these samples. The
uncertainty on these is therefore taken to be 25%. The 36Cl target element concentrations in the
magnetite separates measured by ICP-OES are also shown in Table 1.5. All quoted uncertainties
on K, Ca, and Ti concentrations represent one standard error on the mean of three replicate
measurements.

5. Analysis

5.1 Scaling
A scaling model is needed to convert a production rate from a calibration site to a
reference rate at SLHL. Seven scaling models are currently available and production rates were
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calibrated for each in the CRONUS-Earth project (Borchers et al., 2015). Two of these models
(denoted “St” and “Lm” in the CRONUS-Earth shorthand) are based on the scaling functions
presented by Lal (1991). These were parameterized by altitude and dipolar geomagnetic latitude
using mid-20th century cosmic ray flux data from a variety of detector types (Lal, 1958; Lal and
Peters, 1967). The “St” (Stone, 2000) model represents a reparameterization of Lal’s functions
for atmospheric pressure rather than altitude, whereas the “Lm” model applies a simple, timevariant paleomagnetic correction to the “St” framework (Balco et al. 2008). Three of the models
(“Du”, “De”, and “Li”) were calibrated using neutron monitor data and are parameterized by
cutoff rigidity, which allows modulation of the cosmic ray flux by non-dipole components of the
geomagnetic field to be considered (Desilets and Zreda, 2003; Dunai, 2000, 2001, Lifton et al.,
2008, 2005). However, these models produce relatively poor fits to the available calibration data,
especially at low latitudes. This is likely due to the limited sensitivity of neutron monitors to
lower energy neutrons (Borchers et al., 2015; Lifton et al., 2014).
The remaining two scaling schemes are based on Monte Carlo simulations of the physics
of the cosmic ray cascade in the atmosphere. Analytical functions parameterized by cutoff
rigidity and air pressure were fit to the simulation results. These allow scaling factors to be
generated independently of measurements of the atmospheric cosmic ray flux and the associated
uncertainties (Lifton et al., 2014). This approach also allows scaling of the energy spectrum of
the nucleonic flux and thus enables production reactions to be scaled individually using their
excitation functions. The LSD model (“Sf” in the CRONUS-Earth shorthand) scales the total
nucleonic flux, whereas the LSDn model (“Sa”) implements nuclide specific scaling. The “St”,
“Lm”, “LSD,” and “LSDn” models produce similar fits to calibration data and, for that reason,
are currently preferred (Borchers et al., 2015). The “St” model will be used in Chapter 2 for
calculation of denudation rates because it assumes a temporally constant production rate and thus
simplifies the denudation rate calculations by eliminating the need for numerical integration.
Discussion in this chapter will therefore focus primarily on the “St” model, although reference
production rates are also calculated for the other models.
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5.2 Correction for 36Cl from other Production Pathways
An accurate calibration of the 36Cl production rate on Fe requires accounting for the
fraction of 36Cl in the calibration samples that is attributable to other production pathways. There
are two other pathways that are likely to be significant in magnetite: spallation on isomorphously
substituted cations between Cl and Fe in atomic number, and low-energy neutron capture on
35

Cl. Measured stable chloride concentrations in the magnetite separates range from 0 to 19.9 +/-

0.2 ppm. Although low, these concentrations supply adequate 35Cl for production from the
Cl(n,γ)36Cl reaction to account for a significant percentage of the total 36Cl inventory.
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Likewise, K, Ca, and Ti concentrations range from several tens of ppm to about one thousand
ppm and thus may account for up to several percent of total 36Cl production (see Chapter 2, Fig.
2.4).
The physics governing low-energy neutrons differs appreciably from the high-energy
neutrons responsible for spallation production. Low-energy neutrons are produced primarily by
moderation of fast secondary cosmic ray neutrons by elastic scattering during collisions with
atomic nuclei and, to a lesser extent, by negative muon capture, (α,n) reactions, and the
spontaneous fission of 238U. Unlike high-energy neutrons, low-energy neutrons behave
diffusively and are modulated chiefly by the neutron absorption and scattering properties of the
medium through which they are passing. The striking discontinuity in these properties across the
atmosphere/ground interface strongly affects the neutron flux near the Earth’s surface. Nitrogen
has a very high thermal neutron adsorption cross-section which gives air a greater propensity to
absorb neutrons than the subsurface, depressing the thermal neutron flux near their interface
(Phillips et al., 2001). Liu et al. (1994) solved a pair of linked, diffusion-like differential
equations for the thermal neutron flux in the air and the subsurface to obtain an expression
describing the depth dependence of thermal neutron capture production. This approach was
improved on by Phillips et al. (2001) who extended the analysis by first deriving the epithermal
neutron flux from moderation of fast neutrons and then the thermal neutron flux from the
epithermal neutrons. This approach involves using an empirically calibrated parameter, Pf(0), to
describe the epithermal neutron flux immediately above the air/subsurface boundary. However,
Pf(0) is one of the least precisely calibrated production parameters, owing in part to the
sensitivity of the neutron flux to the presence of hydrogen, which is a highly effective neutron
moderator and is ubiquitous in the environment as a component of water.
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For this analysis, the Pf(0) calibrated by Marrero et al. (2015) at Baboon Lakes is
adopted. This is 601 n g air-1 yr-1 for the LSDn (“Sa”) scaling model, about 20% lower than the
Pf0 estimated from the full calibration dataset in that study. The Pf0s for the other scaling models
are fixed by adjusting the values in Marrero et al. (2015) downwards by an equivalent
percentage. Although these estimates of Pf0 are lower than most reported in the literature
(Alfimov and Ivy-Ochs, 2009; Marrero et al., 2015; Swanson and Caffee, 2001), they may
capture the effects of rounded boulder geometry, surface erosion, or snow shielding on the lowenergy neutron flux at Baboon Lakes and more generally across the similar sites in the eastern
Sierra Nevada. For consistency, the same Pf0 is used for the Brazilian calibration samples.
The production rate of 36Cl by neutron capture in the subsurface is a function of the
thermal and epithermal neutron fluxes at depth and is given by:
𝑃𝑒𝑡ℎ/𝑡ℎ (𝑍) =

𝑓𝑒𝑡ℎ/𝑡ℎ
𝛬𝑒𝑡ℎ/𝑡ℎ,𝑠𝑠

𝛷𝑒𝑡ℎ/𝑡ℎ,𝑠𝑠,𝑡𝑜𝑡𝑎𝑙 [1.1]

(Marrero et al., 2016) where Peth/th(Z) is the production rate due to epithermal or thermal neutrons
at some mass-depth Z below the air/surface interface, 𝑓𝑒𝑡ℎ/𝑡ℎ is the fraction of epithermal or
thermal neutrons which are adsorbed by 35Cl, 𝛬𝑒𝑡ℎ/𝑡ℎ,𝑠𝑠 is the attenuation length of epithermal or
thermal neutrons in the subsurface, and 𝛷𝑒/𝑡ℎ,𝑠𝑠,𝑡𝑜𝑡𝑎𝑙 is the epithermal or thermal neutron flux at
depth Z. Both 𝑓𝑒/𝑡ℎ and 𝛬𝑒/𝑡ℎ,𝑠𝑠 can be calculated directly from the sample bulk composition,
whereas 𝛷𝑒/𝑡ℎ,𝑠𝑠,𝑡𝑜𝑡𝑎𝑙 is dependent on Pf(0) and the nucleonic scaling model as well as sample
composition.
Low-energy neutron production was computed for each sample using Eqn. 1.1. The
calculations for the Sierra Nevada sample set were implemented with code modified from the
CRONUScalc package (Marrero et al., 2016). First, the apparent exposure age of each sample
was calculated from the measured 10Be concentration. Next, a modified version of the
PredN36depth code was used to estimate the inventory of 36Cl produced by neutron capture as
well as from non-Fe spallation pathways over an exposure duration equivalent to the apparent
10

Be exposure age. The calculated concentrations range from 700 to 2300 atoms g-1 and for non-

Fe spallation pathways from 0 to 55,900 atoms g-1 for neutron capture for the “St” scaling model.
The magnitude of the neutron capture correction varies chiefly with sample chloride content.
These corrections were subtracted from the total concentration of 36Cl measured in each sample
to produce a corrected concentration for use in the production rate analysis. The correction is
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dependent on the scaling model, so the computation was repeated for each. The complete
correction takes the form:
𝑁𝑒𝑢𝑡𝑟𝑜𝑛 𝐶𝑎𝑝𝑡𝑢𝑟𝑒
𝑂𝑡ℎ𝑒𝑟 𝑆𝑝𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛
𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑁36
= 𝑁36
− 𝑁36
− 𝑁36
[1.2]
𝑁𝑒𝑢𝑡𝑟𝑜𝑛 𝐶𝑎𝑝𝑡𝑢𝑟𝑒
𝑂𝑡ℎ𝑒𝑟 𝑆𝑝𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛
where 𝑁36
is the neutron-capture produced inventory, 𝑁36
is the
𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑
inventory produced by spallation reactions on target elements apart from Fe, and 𝑁36
is

the corrected 36Cl inventory used for production rate calibration. Corrected 36Cl concentrations
range from 1.9 x 105 to 0.71 x 105 for the “St” scaling model (Table 1.3). Corrections for the
Brazilian samples were calculated using the approach for steady-state erosion described in
Chapter 2 (Sections 4.1 and 4.2). The calculated neutron capture and non-Fe spallation
corrections as well as corrected 36Cl inventories for these samples are also given in Table 1.3.

5.3 Correction for 10Be Produced by Muon Interactions
Capture of slow negative muons is an important production pathway for 10Be in quartz,
but may not be so for 36Cl in magnetite. Of the 107 MeV released when a negative muon is
captured by a proton in the nucleus, the bulk is carried off by a neutrino, leaving the nucleus
excited by a few tens of MeV that is dissipated by emission of one or more nucleons
(Charalambus, 1971; Lal, 1988). Production of 36Cl from 54Fe, the lightest stable isotope of iron,
entails the loss of 9 protons and 9 neutrons. Emission of these as individual nucleons requires an
input of approximately 160 MeV, far exceeding the available energy (Choppin et al., 2002).
Although it is possible that production of 36Cl is energetically favorable though the loss of some
combination of alpha particles, intermediate-mass fragments, and individual nucleons, such a
complicated pathway seems improbable. Conversely, some production of 36Cl by fast muon
interactions, which are capable of producing significantly higher nuclear excitations, may be
possible. However, fast muons should account for an essentially negligible fraction of the total
36

Cl inventory in samples experiencing all but the most rapid erosion rates because most 36Cl

produced at depths greater than a few meters will decay before the sample reaches the surface.
As both slow and fast muons have greater mean free paths than fast neutrons, the production rate
of 36Cl from iron should be calibrated against spallogenic 10Be alone, especially for calibration
samples modeled as experiencing steady-state erosion. This requires subtracting the muonproduced 10Be inventory from the measured 10Be concentration. Mean muon production rates
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were calculated for each Sierra Nevada sample site using the CRONUScalc code (Marrero et al.,
2016) and were used to compute the fraction of 10Be produced by muon interactions. For all the
Sierra Nevada samples muons accounted for under 1% of total production. For the Brazilian
samples, muon production is modeled using the multi-exponential approach of Granger & Smith
(2000). The coefficients for the three exponential terms were derived from fits to a synthetic
muon depth profile generated using code from Balco (2008) updated with modern muon
production parameters (Balco, 2017). This approach is described in more detail in Chapter 2
(Section 4.3.2). Muons account for approximately 5% of total 10Be production in the Brazilian
samples.

5.4 Absolute Production Rate Calibration
First, the production rates of 10Be and 36Cl in magnetite were calibrated for the Sierra
Nevada dataset using the measured 10Be and corrected 36Cl concentrations and independent
exposure ages. This approach, an absolute calibration, is a straightforward application of the
equations governing cosmogenic nuclide build-up in exposed surfaces. The accumulation of a
cosmogenic radionuclide produced in a sample exposed to cosmic rays is described by Eqn. 1.3:
𝑑𝑁
𝑑𝑡

𝜌𝑥

= 𝑃𝑒 − 𝛬 − 𝜆𝑁 [1.3]

Where N is the nuclide concentration (atoms g-1), t the exposure time (yrs), P the production rate
(atoms g-1 yr-1), λ the decay constant (yr-1), x the sample thickness (cm), ρ the sample density (g
cm-3), and Λ the mean free path of high energy neutrons (g cm-2) (Lal, 1991). Integrating with
respect to time and across sample thickness, normalizing, and rearranging terms yields an
expression for the production rate of a nuclide as a function of exposure age, sample geometry,
and the measured nuclide concentration:
𝛬 𝑁

𝑥𝜌

𝑃 = 𝜌𝑥 𝜆 (1 − 𝑒 −𝜆𝑡 )(1 − 𝑒 − 𝛬 )

[1.4]

This equation forms the basis for the absolute calibration. In this analysis, sample attenuation
lengths are scaled with elevation after the approach discussed in Marrero et al. (2016), however
the effects of sample surface geometry and topographic shielding on the attenuation length are
ignored. No post-exposure erosion is considered, and the independent exposure ages are adjusted
upwards by 60 years to convert from the radiocarbon datum of 1950 to 2010. The calibrated
production rates are divided by the scaled 10Be production rate at each sample’s location to
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produce a production rate ratio that is readily comparable with the results of the relative
calibration. As the nucleonic scaling factors and reference production rates depend on the scaling
model, the production rates were re-calibrated for each scaling framework. For the time-variant
scaling schemes (i.e. all models but “St”) the scaling factors were averaged over the exposure
duration. This simplification is justifiable because decay is almost negligible over the exposure
timescales of the erratics.
The absolute calibration is also sensitive to shielding by topography and snow.
Topographic shielding factors were computed for the Sierra Nevadan samples after (Dunne et al.,
1999). The angle to the horizon was measured for each sample site at one degree azimuthal
sampling intervals on a 1/3 arc-second DEM using the r.horizon function in GRASS GIS.
Computed topographic shielding factors ranged between ~1 and 5%. A snow shielding factor
of .99 was applied to all samples after Phillips et al. (2016c). This corresponds to a mean annual
snow cover of about 1.6 cm snow water equivalent. Although snow accumulation in the high
Sierra Nevada is substantial, the sampled erratics stood at least 1 m above the ground surface,
likely reducing the effective depth of snow cover. Nevertheless, the modest snow shielding
factors used in this analysis may underestimate true snow cover substantially.

5.5 Relative Production Rate Calibration
A relative calibration involves computing a production ratio from the ratio between the
concentrations of two or more nuclides in a single sample. For radionuclides with different halflives, such as 36Cl (301 ky) and 10Be (1.39 My), this requires correcting for differential decay.
This correction must be developed for the both end-member geomorphic models: constant
exposure and steady-state erosion. For the former case, Eqn. 1.4 may be rewritten for the
production rate of 10Be:
𝛬 𝑁10

𝑃10 = 𝜌𝑥

𝜆10

𝑥𝜌

(1 − 𝑒 −𝜆10 𝑡 )(1 − 𝑒 − 𝛬 )

[1.5]

as well as for the production rate of 36Cl,
𝛬 𝑁36

𝑃36 = 𝜌𝑥

𝜆36

𝑥𝜌

(1 − 𝑒 −𝜆36 𝑡 )(1 − 𝑒 − 𝛬 )

[1.6]

Division of Eqn. 1.6 by Eqn. 1.5 gives an expression for the production rate ratio as a function of
the measured concentrations of both isotopes and the exposure age:
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𝑃36

= 𝑁36 (1 − 𝑒 −𝜆36 𝑡 )/𝑁10 (1 − 𝑒 −𝜆10 𝑡 )

𝑃10

[1.7]

in which the sample geometry terms drop out insofar as the attenuation lengths are identical for
both nuclides. A more general solution, which does not require knowledge of the exposure
duration, can be derived by solving the Eqns. 1.5 and 1.6 for time, equating t36 with t10, and
rearranging for the production rate of 36Cl:
−1

𝜆36
𝜆10

𝑃36 = 𝑁36 𝜆36

𝜌𝑥

(1 − (1 − 𝑁10

𝛬

𝜆10

𝑃10

[

))

𝑥𝜌
𝛬
−
(1−𝑒 𝛬 )
𝜌𝑥

𝑥𝜌

(1 − 𝑒 − 𝛬 )

[1.8]
]

This equation is valid for any surface experiencing constant exposure and no erosion. A
production ratio can then be obtained by dividing the production rate of 36Cl by the site-specific
production rate of 10Be (including all scaling and shielding factors). In the special case when the
exposure duration is short in comparison with the radioactive decay timescale, or when the
production rate of a particular nuclide is calibrated against the same nuclide in a different
mineral, Eqns. 1.7 and 1.8 reduce to the form of Eqn. 1.9, which describes the calibration of the
10

Be production rate ratio between magnetite and quartz:
𝑃10 𝑀𝑡.
𝑃10 𝑄𝑡𝑧.

=

𝑁10 𝑀𝑡.

[1.9]

𝑁10 𝑄𝑡𝑧.

Eqn. 1.9 suggests that, insofar as radioactive decay is negligible and the high energy neutrons
responsible for 10Be and 36Cl production have the same attenuation lengths, the results of the
relative calibration are insensitive to sample geometry, topographic shielding, snow or sediment
cover, exposure duration, and the surface erosion rate. These conditions should be
approximately, but not exactly, true for the Sierra Nevada erratics, which have been exposed for
around 5% of the 36Cl half-life. Thus, Eqn. 1.7 and Eqn. 1.8 are employed for the relative
calibration of the 36Clmt/10Beqtz production rate ratios. Eqns. 1.7 and 1.8 produce results that
agree with each other within about 0.1%.
Although these equations work well for the Sierra Nevada samples for which a constant
exposure, no erosion model is more or less valid, a different formulation is required for the
steady-state erosion samples from the Brazilian site. In this case, the concentration of 10Be in
quartz or magnetite at some depth x will be governed by the equation:
𝑁10 =

𝑃10

𝜌
𝜆10 + 𝜖
𝛬

𝜌

𝑒 −𝛬𝑥

[1.10]
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and the concentration of 36Cl by the equation:
𝑁36 =

𝑃36

𝜌
𝜆36 + 𝜖
𝛬

𝜌

𝑒 −𝛬𝑥

[1.11]

where ϵ is the erosion rate (cm yr-1). Rearranging terms to isolate the erosion rate, equating ϵ10
and ϵ36, and solving for the production rate ratio produces Eqn. 1.12:
𝑃36
𝑃10

𝑁36

=

𝑁10

𝜌

𝑁

+ 𝑃36 (𝜆36 − 𝜆10 )𝑒 𝛬𝑥
10

[1.12]

in which the production rate ratio is equivalent to the ratio of the concentrations of 36Cl and 10Be
(Eqn. 1.8) plus a decay correction factor. Integrating Eqn. 1.12 across sample thickness (x) and
then normalizing by x produces Eqn. 1.13:
𝑃36
𝑃10

=

𝑁36
𝑁10

𝑁

𝜌

𝛬

+ 𝑃36 𝜌𝑥 (𝜆36 − 𝜆10 )(𝑒 𝛬𝑥 − 1)

[1.13]

10

This gives the production rate ratio for a sample of some finite thickness that is experiencing
steady-state erosion. This model is applied for the Brazilian samples which are assumed to have
experienced a lengthy period of slow, continuous erosion. Eqn. 1.13 indicates that in this scenario
decay may have an appreciable influence of the production rate ratio and that the calibration
becomes increasingly sensitive to the accuracy with which the site-specific 10Be production rate is
known through time as the decay correction becomes large.

5.6 Error Analysis
All measured quantities in these calibrations have associated analytical uncertainties that
must be propagated through the production rate calculations for robust quantification of the
uncertainty in the results. Analytical uncertainties derived from counting statistics are available
for the 36Cl/ClTot, 35Cl/37Cl, 10Be/9Be, and the ICP-OES measurements, however these were not
reported by SGS for the measurements of bulk sample composition. In lieu, the reported
detection limits on each of the measured compositional parameters are used as one sigma
analytical errors. This approach is consistent with prior calibration studies (Marrero et al., 2015).
The uncertainty on calculated quantities was determined using the error propagation equation
(Bevington and Robinson, 1992):
2

2

𝛿𝑥
𝛿𝑥
𝛿𝑥
𝜎𝑥 = √𝜎𝑢2 (𝛿𝑢) + 𝜎𝑣2 (𝛿𝑣) + ⋯ 𝜎𝑠2 ( 𝛿𝑠 )

2

[1.14]
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where σx is the standard deviation on the calculated quantity x and σu, σv, and σs are the standard
deviations of measured quantities u, v, and s. In this analysis, covariance between the 36Cl/ClTot
and 35Cl/37Cl ratios is ignored. Uncertainty on the stable chloride concentration was determined
by taking the partial derivative of the isotope dilution equation with respect to the measured
35

Cl/37Cl ratio, however the complexity of the equations governing neutron-capture production

and the many uncertain variables involved make an exact solution to Eqn. 1.14 formidable, so
the partial derivatives with respect to each uncertain parameter were approximated using the
finite-difference method and then used to estimate the uncertainty in the 36Cl correction. Error on
the correction was propagated into the 36Cl concentration and then through the calculation of
production rate ratios using specific error formulas. This results in a slight double counting of
uncertainty on the 10Be concentration, which appears both in the calculation of the apparent
exposure age used in the neutron capture and other-spallation corrections as well as in the
calculation of the production rate ratio using Eqn. 1.8.
The full calibration results encompassing both the absolute and relative approaches for
each of the 7 scaling models are presented in Tables 1.6 and 1.7. The results for the “St” scaling
model are graphed in Figs. 1.5 and 1.6. The inverse-variance-weighted mean for the absolute
calibration using that scaling model is 0.330 +/- 0.010 and 0.316 +/- 0.010 for the relative
calibration for the Sierra Nevada samples and 0.303 +/- 0.009 for the Brazilian samples. In
general, the absolute calibrations produce moderately higher production rate ratios than the
relative calibrations (about 4% higher for “St”). There is also more variation between the
36

Clmt/10Beqtz production rate ratios predicted by each of the seven scaling models for the

absolute calibration than the relative calibration. This is likely because the absolute calibrations
are directly dependent on the scaling model, whereas the dependence on the scaling model for
the relative calibrations is mainly a result of the neutron capture correction. As “Du,” “De,” and
“Li” produce less accurate scaling factors at mid to low latitudes than the other scaling schemes
(Borchers et al., 2015), the results of the absolute calibration are slightly higher for those models
than for “St” or LSDn. The 10Bemt/10Beqtz production ratios are presented in Table 1.8, along with
collateral calibrations of the 10Be production rate and the 26Al/10Be production rate ratio in
quartz. The inverse-error weighted mean of the 10Bemt/10Beqtz production ratio is 0.652 +/- 0.014
for the Sierra Nevada dataset and 0.914 +/- 0.033 for the Brazilian samples (Fig. 1.7). In general,
the 10Bemt/10Beqtz data is highly discordant.
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5.7 Statistical Analysis
The mean square of weighted deviates (MSWD) is a statistic commonly used in
geochronology to evaluate the scatter in a dataset. The MSWD indicates whether the dispersion
in the data may be explained by random scatter, such as arises from instrumental uncertainty, or
if there is extraneous scatter that may be attributable to geological processes. If the sampling
distribution is random and follows a Gaussian or Poisson distribution, then the MSWD will
asymptotically approach unity as the sample number increases. The probability that the variance
in a sample set is explainable by Gaussian analytical errors alone can be determined from the
size of the MSWD and the number of degrees of freedom. The MSWDs of each calibration
group are shown in Tables 1.6-1.8.
The MSWD for the 10Bemt/10Beqtz calibration from the Sierra Nevada sample set is 41.7.
The high MSWD for this ratio rejects the null hypothesis – that the scatter in the data can be
explained by analytical uncertainties alone – and indicates the presence of some external bias.
The positive skew of the production rate ratios suggests that this bias raises the apparent 10Be
production rate in magnetite by an amount that is not uniform between calibration samples.
The MSWDs for both the absolute and the relative calibrations of the 36Clmt/10Beqtz
production ratios from the Sierra Nevada sample set are much lower. For the “St” scaling model
these are 2.05 and 1.50, respectively, for the absolute and relative calibrations. This indicates that
the probability is 91% that the variance in the relative calibration data may be explained by
random, analytical uncertainty, and 84% for the absolute calibration. Possible sources of scatter
in both the 36Clmt/10Beqtz and the 10Bemt/10Beqtz ratios beyond analytical uncertainties are
considered further in Section 6.
To allow an analytical solution to Eqn. 1.13, the 36Clmt/10Beqtz production rate ratios for
the Brazilian samples were only calculated using the time-invariant “St” scaling model. Before
calculating a grand average of the 36Clmt/10Beqtz production ratios at the Sierra Nevada and
Brazilian sites, the two populations need to be compared to verify that there is no statistically
significant difference in the mean production rate ratio of each sample group. To do this, an Ftest is first used to assess the similarity in the variances of the two populations. This fails to
reject the null hypothesis that the variances are identical, so a T-test is conducted using the
pooled variance. The T-test fails to reject at the 95% confidence interval the null hypothesis that
the Brazilian and Sierra Nevada production rates are identical. For this reason, the inverse-
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variance weighted mean and standard error are reported from the Sierra Nevada and Brazilian
samples together.
This gives a 36Clmt/10Beqtz production rate ratio with mean and standard error of 0.310 +/0.007 and an MSWD of 1.13 (Table 1.7). This is equivalent to a SLHL production rate on Fe of
1.72 +/- 0.04 atoms g Fe-1 yr-1 for the “St” scaling model. The error on this value does not
include uncertainty on the reference 10Be production rate used to convert the measured
36

Clmt/10Beqtz production rate ratio to a 36Cl production rate at SLHL. The low MSWD indicates

that the probability that random variation can explain the variance in the combined calibrated
dataset is 99%.

6. Discussion
What are the sources of scatter in the calibration datasets? For what reasons does the
absolute calibration show more scatter than the relative calibration and why are the 10Bemt/10Beqtz
production ratios discordant? Possible explanations including geological scatter in the absolute
exposure ages, the effects of unaccounted snow shielding, and the presence of meteoric
cosmogenic nuclides are each considered in turn. Next, the efficiency of the fine-crushing
protocol at reducing sample native chloride content is evaluated and potential sources of the
residual chloride in the calibration samples are considered. Finally, the data are compared with
prior work and collateral calibrations of the 10Be and 26Al production rates in quartz produced
concurrently by the Sierra Nevada sample set are discussed.

6.1 Scatter in the Production Rate Ratios
6.1.1 Geological Scatter
One possible explanation for the scatter in the absolute production rate ratios is that the
nuclide concentrations in the sampled erratics do not do not precisely reflect the radiocarbon
deglaciation ages. Exposure ages of glacial erratics are often biased towards values that are tooold by the presence of an inherited nuclide inventory or towards younger ages by the effects of
snow shielding, surface erosion, or exhumation from sediment cover (Heyman et al., 2011).
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Although the mean of the 10Be exposure ages from the samples behind the Tioga 4 and Recess
Peak moraines agree well with the expected exposure ages from the independent radiocarbon
constraints, the MSWD of the Baboon Lakes dataset is too high (17.9) to be explained by
analytical uncertainty alone. This suggests that the deviations from the expected exposure age for
BL15-1 and BL15-2 may be the source of some of the excess scatter observed in the absolute
calibrations. Indeed, BL15-1 is the largest contributor to the MSWD of all samples in the
absolute calibration dataset and produces an apparent 10Be exposure age that is nearly 1,000
years greater than that expected from the independent chronology. This effect is subdued for the
relative calibrations because the two nuclide inventories will reflect the same dosing by cosmic
radiation, regardless of how closely that dosing represents the absolute exposure age.
Nonetheless, geological scatter in the exposure ages may be one of the primary reasons why the
absolute calibration produces higher MSWDs than the relative calibration.

6.1.2 Snow Shielding
Snow shielding is another possible source of scatter that warrants consideration. In this
analysis, the same snow shielding factors were applied to all the Sierra Nevada samples,
although it is unlikely that the true magnitude of snow shielding is constant between the
individual sites. Rather, the geomorphic position and local climatic environment of each sample
site may impart a different effective mean snow cover through each sample’s exposure history.
Modern maximum winter snow depths in the Sierra Nevada may locally exceed three meters, so
it is also possible that the true magnitude of snow shielding is greatly underestimated for some or
all of the Sierra Nevada samples. However, if this is the case, then the absolute calibrations will
have a systematic bias towards production rates that are too low. This trend was not observed; in
fact, the absolute calibrations produce uniformly higher production rate estimates than the
relative calibrations (Tables 1.6 & 1.7), suggesting that snow shielding is not significantly
misestimated or that its effect is counterbalanced by other factors that bias the absolute
calibration in the opposite direction.
Conversely, the relative calibrations should be largely insensitive to snow shielding;
however, the low-energy neutron capture correction may be significantly affected. Although
conventionally snow shielding is treated using a simple mass-attenuation formulation (Gosse and
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Phillips, 2001), a more accurate approach requires considering the neutron moderating effects of
hydrogen (Masarik et al., 2007; Zweck et al., 2013). The presence of a layer of hydrogen-rich
material, either as snow or biomass, may enhance the thermal neutron flux just below the ground
surface by increasing the rate of incoming cosmic ray neutron thermalization, thermalizing fast
neutrons produced in the subsurface by evaporation reactions, and reflecting thermal neutrons
back into the subsurface (Masarik et al., 2007). For example, a 2.5 cm thick water layer was
observed to more than double the thermal neutron flux in granite piles exposed in Scotland
(Dunai et al., 2014). The same water thickness has an almost negligible impact on the highenergy neutron flux. This suggests that the neutron capture correction applied in this analysis
may significantly underestimate the true neutron capture produced 36Cl inventory. For all scaling
models, the MSWD of the relative calibration can be reduced by increasing the size of the
neutron capture correction. For example, the MSWD of the LSDn (“Sa”) relative 36Clmt/10Beqtz
calibration can be reduced from 1.14 to 1 by increasing the neutron capture correction by 20%
for all samples. Although such a correction reduces the final production rate ratio by only about
1-2%, the minimization of the MSWD suggests that a higher correction may be warranted than
that used in these calculations and intimates that the standard Pf0 may be more accurate than the
reduced values used in these calculations (Section 5.2).

6.1.3 Meteoric 10Be
The 10Bemt/10Beqtz production rate ratios display the highest MSWD of any of the
calibrated ratios (41.7) and have a positive skew. This suggests that there is an excess 10Be in at
least some of the samples and that the size of the excess inventory is not constant, but rather
varies by sample. The simplest explanation for this observation is that some meteoric 10Be was
not removed during sample chemical pre-treatment and that the measured concentration
therefore reflects the in situ-produced inventory plus recalcitrant meteoric 10Be. This highlights
the challenge in quantitatively cleaning magnetite samples of meteoric 10Be bearing weathering
products and suggests that beryllium may be incorporated into secondary oxides, at least at lowlevels, even when weathering intensity is limited. This also indicates that the dithionite-citratebicarbonate leaches were unsuccessful in fully removing the secondary iron oxide component in
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at least half of the calibration samples. The issue of meteoric 10Be in magnetite is discussed
further in Appendix A.
Nevertheless, insight into the 10Bemt/10Beqtz production rate ratio may still be gained from
the dataset. The four Sierra Nevada samples that have the lowest ratios together give an inversevariance weighted mean of 0.530 +/- 0.019 and an MSWD of 0.568. The latter statistic suggests
that analytical uncertainty alone may explain the scatter between the samples. Although the
possibility of low-level meteoric contamination that is approximately uniform across all samples
cannot be excluded, together these four data points suggest that 0.530 +/- 0.019 is the bestestimate of the 10Bemt/10Beqtz production rate ratio.

6.2 Evaluating the Fine Crushing Protocol
The magnetite samples in this study unexpectedly included significant quantities of stable
chloride. This proved problematic because it required correcting the measured 36Cl
concentrations for the 36Cl inventory produced by neutron-capture. This correction introduced
additional uncertainty into the calibration. Provided that the magnetite surfaces were clean of
chloride before dissolution and that the blank accurately reflects the amount of chloride acquired
by the samples from reagents used during sample chemical preparation, the source of this
chloride is likely to be some combination of the following: chloride remaining in fluid
inclusions, chloride substituting for (OH)- in the structure of hydrous silicates residual in the
mineral separate, or chloride disseminated in crystallographic defects in the magnetite.
Efforts were made to remove as much of this chloride as possible by subjecting the
samples to a fine-grinding step during mineral separate preparation in order to destroy fluid
inclusions and release included chloride. This resulted in a reduction of the stable chloride
content by more than a factor of two between the pilot batch and complete sample set. Although
this is a significant reduction, fine crushing was not successful in eliminating all chloride. The
measured chloride concentrations in the Sierra Nevada sample set increased with the mass of the
oxalic-acid-insoluble mineral fraction. Much of the measured chloride content may therefore be
explained by the partial dissolution or etching of this fraction (e.g. 1-2% dissolution of a residual
mineral fraction consisting of 1% amphibole with ~25% Cl substitution for structural (OH-)
groups would suffice to explain the 1-10 ppm levels). For this reason, an additional HF/HNO3
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leaching procedure was implemented for the samples discussed in Chapter 2 to dissolve residual,
chloride-bearing silicates and minimize the neutron capture production pathway.

6.3 Comparisons with Expected Production Rates from Prior Work
The 36Cl production rate calibrated in magnetite agrees well with similar estimates from
prior work. Assuming stoichiometric magnetite, the relative 36Clmt/10Beqtz production rate ratio is
equivalent to a SLHL production rate of 36Cl on Fe of 1.72 +/- 0.04 atom g Fe-1 yr-1. This is in
good agreement with the only prior empirical calibration of the 36Cl production rate on Fe, which
produced an estimate of 1.9 +/- 0.2 atoms g-1 yr-1 from slowly eroding ferricrete surfaces exposed
in Brazil and Australia (Licciardi et al., 2008; Stone, 2005).
The 10Be production rate in magnetite inferred from the four concordant Sierra Nevada
samples is also in good agreement with the expected value. Production of 10Be in magnetite, like
production in quartz, should be chiefly on oxygen, with a much lesser contribution from Fe. At
first glance, an estimate of the 10Bemt/10Beqtz production rate ratio may be obtained from the ratio
in oxygen concentration between magnetite and quartz. This suggests a production rate ratio
of .519, provided that the magnetite is pure. A more complete analysis considers that some 10Be
is also produced from Si in quartz and Fe in magnetite. Studies of 10Be production in artificial
silicon targets from neutron irradiation experiments indicate that Si accounts for approximately
3.9% of 10Be production in quartz (Reedy, 1994). If 10Be production on Fe is negligible, then the
10

Bemt/10Beqtz production rate ratio should be around 0.50. However, experimental measurements

of the Fe(p,x)10Be excitation function suggest that the cross-section of that reaction may actually
be larger at high energies than that of the 28Si(n,x)10Be reaction, so production of 10Be on Fe
cannot be ignored (Dittrich et al., 1990; Reedy, 2013). Taking production from Fe into account
produces a theoretical production rate ratio of 0.528 (Granger et al., 2013), which is in excellent
agreement with the measured ratio of 0.530 +/- 0.019.

6.4 Uniformity of the 36Clmt/10Beqtz Production Ratio
The energy spectrum of the secondary cosmic ray flux shift towards lower energies with
increasing atmospheric depth and geomagnetic latitude (Argento et al., 2013, 2015a).
Consequently, production ratios between two reactions with differing excitation functions may
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also depend on elevation or latitude (Argento et al., 2015b; Corbett et al., 2017). The production
of 10Be in both magnetite and in quartz is dominated spallation on O, so little elevation or
latitudinal variation in this ratio is expected. Conversely, the 36Clmt/10Beqtz production rate ratio,
which involves reactions with different excitation functions, may exhibit some dependence on
altitude or geomagnetic cutoff rigidity. Although both the production of 36Cl on Fe and 10Be on
O involve relatively high-energy reactions, some variation may be possible given that the
O(n,x)10Be reaction has a threshold that is around one half of that of the Fe(p,x)36Cl reaction and
because the latter also peaks at higher energies (Reedy, 2013; Schiekel et al., 1996). However,
the difference may be less for Fe(n,x)36Cl because an incident neutron, unlike a proton, does not
need to overcome coulombic repulsion.
Yet, a difference in the production rate ratios between the Sierra Nevada and Brazilian
sites is not clearly resolvable in the dataset; a t-test indicates that the two values cannot be
distinguished at the 95% confidence interval. Furthermore, the Stone (2005) production rate is
within one standard error of the production rate produced by the relative calibration in the Sierra
Nevada. As the Stone (2005) production rate was calibrated at low-latitude sites in Brazil and
Australia, the concordance between this number and the production ratio from the Sierra Nevada
samples strengthens the conclusion that the 36Clmt/10Beqtz production rate ratio is relatively
constant. Likewise, as the Brazilian samples record the average production rate ratio over the
timescale required to erode one penetration length, which in this case is about 300,000 yrs., and
the Sierra Nevada samples only average only over the last ~15,000 yrs., the agreement between
the two calibration datasets also indicates that the production rate ratio is approximately uniform
with time, and not significantly impacted by secular variation in the Earth’s magnetic field. This
implies that the calibrated production rate ratio should be applicable to determining both rapid
and slow denudation rates.
Nevertheless, small variations, on the order of several percent, may be possible,
especially between sites with greater differences in elevation or latitude than those considered
herein. To rigorously address this question, more, preferably chloride-free, samples will need to
be measured at a wider range of elevations and latitudes. Measuring 36Cl produced in
anthropogenic samples of iron or steel exposed at known elevations and latitudes for precisely
recorded periods of time may provide a favorable means to approach this problem. Steel is
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particularly attractive because the high temperatures used in steel production should expel stable
chloride and thus eliminate the problem of correcting for neutron capture production of 36Cl.

6.5 Collateral Calibrations
In addition to 10Be and 36Cl production rates in magnetite, the Sierra Nevada sample set
also produces estimates of the absolute production rate of 10Be and the production ratio between
10

Be and 26Al in quartz. The inverse-error-weighted mean and standard error of the former is

3.94 +/- 0.05 for the “St” scaling model with an MSWD of 4.2. This is in excellent agreement
with the CRONUS calibrated value of 4.01 +/- 0.33 (Borchers et al., 2015; Phillips et al., 2016a),
although the high MSWD suggests the presence of some geological scatter in this dataset.
Similarly, the 26Al/10Be production rate ratio is 7.06 +/- 0.14 with an MSWD of 0.50. This is in
good agreement with the value measured by Corbett et al. (2017) at high latitude of 7.3 +/- 0.3
and does not differ greatly from the ~6.75 value derived from early measurement of the ratio
made by (Nishiizumi et al., 1989) at nearby sites in the Sierra Nevada. As both these production
rates have already been well-studied, the consistency of the values determined here with earlier
work lend further credibility to the calibrations of the 10Be and 36Cl production rates in
magnetite.

7. Conclusions
The development of magnetite as a new cosmogenic nuclide target mineral for weathering
and erosion studies depends critically on first precisely and accurately constraining the
magnitudes of in situ cosmogenic nuclide production rates in that mineral. In this chapter, the
production rates of 10Be and 36Cl in magnetite were geologically calibrated using samples from
the Sierra Nevada, California and the Quadrilàtero Ferrìfero, in southern Brazil. Production rates
of 10Be and 36Cl in magnetite for the Sierra Nevada sample set were calibrated against
independently determined de-glacial exposures ages as well as the concentration of 10Be in cooccurring quartz, whereas for the Brazilian site, which is likely eroding in steady state, the
production rates were determined relative to 10Be in quartz alone.
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The Sierra Nevada dataset produces 36Clmt/10Beqtz production rate ratios for both
calibration approaches that are good agreement with one another; however, the relative
calibration has a tighter distribution signified by a lower MSWD and for this reason is preferred.
This value is also in good agreement with the production rate ratio calibrated in Brazil,
suggesting that any spatiotemporal variation in the 36Clmt/10Beqtz production rate ratio between
the two sites is too small and to be resolved in this dataset. The complete sample set
encompassing both the Sierra Nevada and Brazilian sites yields an inverse-variance weighted
mean production rate ratio of 0.310 +/- 0.007, which is equivalent to an element-specific
reference SLHL production rate of 1.72 +/- 0.04 atoms g Fe-1 yr-1 for the “St” scaling model.
Conversely, the 10Bemt/10Beqtz calibration data shows substantial scatter that suggests that
meteoric 10Be was not entirely removed from all the calibration samples. However, the samples
with the four lowest calibrated production ratios agree well with one another and together
produce an inverse-variance weighted mean of 0.530 +/- 0.019 atoms g-1 yr-1. Although this
value may be subject to low-level meteoric contamination, it agrees well with the theoretical
ratio and for that reason is likely a legitimate estimate of the actual production rate ratio.
Nevertheless, this production rate should be used with caution unless a set of more effective
cleaning procedures are developed that reliably and unambiguously remove meteoric 10Be from
magnetite separates.
Although these results are presented as production rate ratios between magnetite and
quartz, it should be cautioned that magnetite is rarely found in a chemically pure form. Instead, it
is almost always subject to substitution by various metal cations for both Fe2+ and Fe3+. The most
common substituting cation is Ti4+ and there is solid solution between magnetite and a titanomagnetite endmember known as ulvöspinel. This is important for 36Cl production for two
reasons: Ti and other substituting cations may have 36Cl production rates that are appreciably
higher than that of Fe and, conversely, the replacement of Fe with elements without 36Cl
production potentially may reduce the total 36Cl production rate in magnetite. This requires
measuring the target element composition of magnetite mineral separates to accurately assess the
production rate in each sample.
Finally, the calibrated 36Cl production rates in magnetite may be subject to a moderate
but potentially significant error if the low-energy neutron correction was not accurately
estimated. For magnetite to be generally applicable as a target mineral, further work is needed to
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minimize or better account for this production mechanism. This is especially important because
the 36Cl production rate from Fe is relatively low such that neutron capture becomes an important
production pathway for stable chloride concentrations in magnetite of more than a few ppm.
The production rates determined in this chapter provide a first-step towards adopting
magnetite, or other iron oxides, as target minerals for determining surface exposure ages or
erosion rates. Furthermore, although the 10Bemt/36Clmt pair is unlikely to be suitable for burial
dating due to difficulty in completely removing meteoric 10Be from magnetite, burial dating with
magnetite may be possible by pairing 36Cl with 3He or another nuclide that is not susceptible to
meteoric contamination. In the next chapter, these production rate estimates are applied to test
watershed-averaged denudation rates from magnetite.
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Fig. 1.1: Locations of the Sierra Nevada calibration sites within eastern California.
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Fig. 2.2: Sampled glacial erratics from the Sierra Nevada calibration sites.
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Fig. 1.3: Location of the Brazilian calibration site near Ouro Preto, Minas Gerais.

Fig. 1.4: Landscape view of the banded iron formation ridge at the Brazilian calibration site.
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Fig. 1.5: Calibrated production rate ratios between 36Cl in magnetite and 10Be in quartz for the
absolute calibration approach.

Fig. 1.6: Calibrated production rate ratios between 36Cl in magnetite and 10Be in quartz for the
relative calibration approach.
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Fig. 1.7. Calibrated production rate ratios between 10Be in magnetite and 10Be in quartz from the
Sierra Nevada sample set.

Table 1.1: Sample locations, parameters, and independent exposure ages.
Latitude
dd
Pilot
Samples
BL15-3 (1) 37.167
LL15-2 (1) 37.403
Baboon Lakes
BL15-1
37.167
BL15-2
37.166
BL15-3 (2) 37.167
Bloody Canyon
BlC-2
37.868
Rock Creek
LL15-1
37.392
LL15-2 (2) 37.403
Brazil
OP1
-20.376
OP2
-20.367

Longitude Elevation Thickness
dd
m
cm

Density
g cm

-3

Shielding
Topo

Shielding
Snow

Λeff
g cm

-2

Exp. Age
yr

Uncert.
yr

-118.619
-118.756

3360
3318

4
4

2.7
2.7

0.970
0.989

0.99
0.99

162
161

13310
15810

250
500

-119.179
-118.618
-118.619

3365
3363
3360

3
4
4

2.7
2.7
2.7

0.967
0.972
0.970

0.99
0.99
0.99

162
162
162

13310
13310
13310

250
250
250

-118.622

2556

5

2.7

0.955

0.99

159

15810

500

-118.755
-118.756

3328
3318

6
4

2.7
2.7

0.981
0.989

0.99
0.99

161
161

15810
15810

500
500

-43.535
-43.535

1545
1545

5
5

3
3

1
1

1
1

164
164

-

-
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Table 1.2: Measured 10Be, 26Al, and 36Cl concentrations in quartz and magnetite.
[10Be] Qtz.

[26Al] Qtz.

ID
103 atoms/g
BL15-3 (1)
478
LL15-2 (1)
538
BL15-1
510
BL15-2
428
BL15-3 (2)
478
BlC-2
348
LL15-1
553
LL15-2 (2)
538
OP1
1630
OP2
1550

+/11
9
9
10
11
9
11
9
30
30

103 atoms/g
3240
3910
3640
2890
3240
2540
3860
3910
-

[10Be] Mt.
+/100
71
88
67
95
94
-

103 atoms/g
287
219
240
443
290
386
1200
1710

[36Cl] Mt.
103 atoms/g
220
248
203
142
162
71.2
166
203
353
368

+/8
10
7
20
8
7
70
60

+/7
8
9
8
8
19
9
10
16
13

Table 1.3: Calculated inventory of 36Cl produced by neutron capture and spallation on elements
other than Fe, concentration of 36Cl corrected for this inventory, and apparent 10Be exposure ages
using the “St” scaling model.
Neutron Capture Corr.
ID
103 atoms/g
BL15-3 (1)
55
LL15-2 (1)
56
BL15-1
22
BL15-2
5
BL15-3 (2)
19
BlC-2
0.0
LL15-1
3
LL15-2 (2)
35
OP1
28
OP2
12

+/18
18
7
2
6
0.0
1
11
18
12

Corr. [36Cl]

Spall. Corr.
103 atoms/g
2.1
2.3
2.0
0.9
2.1
1.8
0.8
2.3
1.6
1.6

+/0.4
0.4
0.4
0.2
0.4
0.2
0.1
0.4
0.4
0.4

103 atoms/g
163
190
178
136
142
71.2
163
166
313
350

10

Be Exp. Age

+/23
23
13
8
11
19
9
17
21
10

k.y.
13.4
15.1
14.2
12.0
13.4
15.9
15.8
15.1
-

+/0.3
0.3
0.2
0.3
0.3
0.4
0.3
0.3
-

Table 1.4: Concentrations of major elements in the calibration samples.
SiO2 (%)
BL15-1
BL15-2
BL15-3
BlC15-2
LL15-1
LL15-2
OP15-1
OP15-2

+/- .01
62.7
66.4
65.1
76.7
67.7
68.9
41.74
41.74

TiO2 (%) Al2O3 (%) Fe2O3 (%) MnO (%)
+/- .01
0.58
0.48
0.46
0.07
0.43
0.38
0
0

+/- .01
16.4
15.9
15.9
13.5
14.9
14.6
0.18
0.18

+/- .01
5.18
3.45
4.23
1.01
4.13
3.5
56.5
56.5

+/- .01
0.07
0.08
0.07
0.05
0.10
0.06
0
0

MgO (%)

CaO (%)

Na2O (%)

K2O (%)

P2O5 (%)

H2O (%)

+/- .01
2.14
1.7
1.69
0.24
1.37
1.18
0.14
0.14

+/- .01
5.19
4.11
4.13
2.43
3.90
3.26
0.46
0.46

+/- .01
3.45
3.39
3.41
3.07
3.11
2.76
0
0

+/- .01
3.15
3.6
3.53
3.36
3.88
4.52
0
0

+/- .01
0.18
0.14
0.14
0.03
0.13
0.11
0.13
0.13

0.9
0.8
0.9
0.6
0.7
0.6
0
0
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Table 1.5: Concentrations of trace elements in the calibration samples.

BL15-1
BL15-2
BL15-3
BlC15-2
LL15-1
LL15-2
OP15-1
OP15-2

Cl (ppm)

B (ppm)

Sm (ppm)

Gd (ppm)

U (ppm)

Th (ppm)

Cr(ppm)

Li(ppm)

+/- 117
161
161
161
161
161
161
-

+/- 5
5
5
5
5
5
5
-

+/- .1
4.3
3.6
3.2
2.3
4.1
3.3
-

+/- .05
3.58
3.11
2.67
2.04
3.56
2.9
-

+/- .05
7.1
24.9
5.18
11.7
6.7
9.15
-

+/- .1
5.3
27.4
23.9
20.4
17.7
39.5
-

+/- 10
117
106
190
169
286
118
-

+/- 10
17
25
24
10
36
23
-

Table 1.6: Calibrated 36Clmt/10Beqtz production rate ratios using the absolute approach.
BL15-3 (1)
LL15-2 (1)
BL15-1
BL15-2
BL15-3 (2)
BlC-2
LL15-1
LL15-2 (2)
Mean
MSWD

St

+/-

Lm

+/-

De

+/-

Du

+/-

Li

+/-

LSD

+/-

LSDn

+/-

0.376
0.361
0.405
0.311
0.326
0.230
0.324
0.316
0.330
2.05

0.053
0.045
0.030
0.019
0.027
0.061
0.020
0.034
0.010

0.378
0.361
0.406
0.312
0.327
0.230
0.323
0.316
0.331
2.05

0.054
0.045
0.030
0.020
0.027
0.061
0.020
0.034
0.010

0.375
0.360
0.414
0.323
0.333
0.250
0.334
0.318
0.339
1.70

0.060
0.050
0.032
0.020
0.029
0.066
0.021
0.037
0.011

0.377
0.360
0.415
0.325
0.335
0.248
0.334
0.318
0.340
1.74

0.060
0.050
0.032
0.021
0.029
0.066
0.021
0.037
0.011

0.370
0.355
0.407
0.316
0.328
0.245
0.328
0.313
0.333
1.75

0.054
0.046
0.030
0.020
0.027
0.065
0.020
0.035
0.010

0.378
0.360
0.410
0.317
0.331
0.238
0.327
0.316
0.335
1.97

0.054
0.045
0.030
0.020
0.027
0.063
0.020
0.034
0.010

0.376
0.358
0.406
0.313
0.327
0.236
0.322
0.314
0.325
3.39

0.054
0.044
0.029
0.025
0.031
0.031
0.024
0.032
0.011

Table 1.7: Calibrated 36Clmt/10Beqtz production rate ratios using the relative approach. For St*,
the mean production rate ratio and MSWD are calculated using the combined Brazilian and
Sierra Nevada datasets.
St
BL15-3 (1) 0.348
LL15-2 (1)
0.360
BL15-1
0.357
BL15-2
0.324
BL15-3 (2) 0.302
BlC15-2
0.209
LL15-1
0.300
LL15-2 (2)
0.315
OP15-1
OP15-2
Mean
0.316
MSWD
1.50
* Complete sample set.

+/-

Lm

+/-

De

+/-

Du

+/-

Li

+/-

LSD

+/-

LSDn

+/-

St*

+/-

0.050
0.044
0.026
0.021
0.025
0.055
0.017
0.033
0.010

0.349
0.360
0.357
0.324
0.302
0.209
0.300
0.315
0.316
1.51

0.050
0.044
0.026
0.021
0.025
0.055
0.017
0.033
0.010

0.333
0.346
0.351
0.322
0.296
0.209
0.300
0.306
0.311
1.33

0.054
0.048
0.027
0.021
0.026
0.055
0.017
0.035
0.010

0.334
0.347
0.351
0.322
0.297
0.209
0.300
0.307
0.312
1.33

0.053
0.048
0.027
0.021
0.026
0.055
0.017
0.035
0.010

0.336
0.348
0.352
0.322
0.297
0.209
0.300
0.308
0.313
1.38

0.049
0.044
0.026
0.021
0.025
0.055
0.017
0.033
0.010

0.343
0.355
0.355
0.323
0.300
0.209
0.300
0.312
0.315
1.44

0.049
0.044
0.026
0.021
0.025
0.055
0.017
0.033
0.010

0.346
0.358
0.356
0.323
0.301
0.209
0.300
0.314
0.319
1.14

0.051
0.044
0.029
0.031
0.032
0.061
0.025
0.034
0.012

0.348
0.360
0.357
0.324
0.302
0.209
0.300
0.315
0.282
0.313
0.310
1.13

0.050
0.044
0.026
0.021
0.025
0.055
0.017
0.033
0.018
0.011
0.007
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Table 1.8: Calibrations of the 10Bemt/10Beqtz and 26Alqtz/10Beqtz production rate ratios and the
absolute 10Be production rate in quartz.
P10-mt/P10-qtz
Sierra Nevada
BL15-1
0.563
BL15-2
0.512
BL15-3
0.501
BlC15-2
1.271
LL15-1
0.525
LL15-2
0.717
Brazil
OP1
0.734
OP2
1.103
Mean
0.695
MSWD
41.7

P10-qtz
-1

P26-qtz/P10-qtz
-1

+/-

at. g yr

+/-

+/-

0.033
0.052
0.038
0.050
0.033
0.025

4.26
3.58
4.02
4.00
3.99
3.81

0.11
0.11
0.12
0.16
0.15
0.14

7.20
6.82
6.85
7.38
7.04
7.34

0.301
0.294
0.303
0.425
0.382
0.390

0.046
0.047
0.014

3.94
4.22

0.05

7.06
0.496

0.138
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CHAPTER 2. WATERSHED DENUDATION RATES FROM MAGNETITE

1. Introduction
Quartz was first tested as a target mineral for watershed scale denudation rates more than
20 years ago (Bierman and Steig, 1996; Brown et al., 1995; Granger et al., 1996) and has since
become widely adopted (Granger and Schaller, 2014; Portenga and Bierman, 2011; Von
Blanckenburg, 2005). Quartz is advantageous for this application in several regards: it is a major
component of many rock types, can be reliably cleaned of meteoric 10Be (Kohl and Nishiizumi,
1992), and is highly resistant to chemical dissolution under a range of weathering conditions
(Riebe et al., 2001b, 2001a; Small et al., 1999). Nevertheless, quartz is not ideal in all respects: it
can be time consuming and labor intensive to separate from other minerals, requires digestion in
large volumes of hydrofluoric acid, and, most significantly, is absent from many landscapes
developed on mafic to intermediate igneous rocks. This creates a need to explore new target
minerals that are applicable where quartz is not available.
Previous efforts to extend the cosmogenic denudation rate method to non-quartz bearing
landscapes focused on 3He in olivine and pyroxene (Ferrier et al., 2013; Gayer et al., 2008;
Puchol et al., 2017). Interpreting denudation rates from these minerals may be complicated by
their susceptibility to weathering in many soil environments (Gayer et al., 2014; Riebe and
Granger, 2013). The residence time of a soluble mineral in a soil will depend in part on the
mineral’s weathering rate. If a target mineral weathers especially rapidly, then the mean
residence time of that mineral in a well-mixed soil will be shorter than that of the average
mineral. As a result, the target mineral will accumulate a smaller cosmogenic nuclide inventory
than expected in the absence of chemical weathering and interpretation of that inventory as a
denudation rate will produce an estimate that is too high. Conversely, when a target mineral is
resistant to weathering and has a longer soil residence time than other minerals, the inferred
denudation rate will be too low. In order to determine denudation rates accurately, it is critical to
account for the effects of soil weathering on the build-up of cosmogenic nuclides in whichever
target mineral is employed (Gayer et al., 2014; Riebe and Granger, 2013).
A well-established mass-balance framework exists to quantify the impact of chemical
weathering on the accumulation of cosmogenic nuclides in quartz (Dixon et al., 2009; Riebe et
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al., 2001a; Riebe and Granger, 2013; Small et al., 1999). This framework involves measuring
quartz enrichment across the subsoil/soil interface. This is difficult to do directly, so the
concentration of a weathering-immobile element, such as zirconium, is often used as an easily
measurable proxy for quartz concentration under the assumption that quartz is effectively inert to
chemical weathering (Riebe et al., 2001a, 2001b). Any similarly insoluble mineral would be well
suited for determining denudation rates because the same zirconium enrichment, mass-balance
approach used for quartz should be able to accurately quantify the effects of chemical weathering
for all equally weathering-resistant target minerals.
Magnetite is a common accessory mineral in many igneous rocks that lack quartz and,
like quartz, is highly resistant to dissolution (Goldich, 1938). However, it is not well-known
whether magnetite and quartz are equally insoluble under all soil conditions, especially given
that magnetite weathering may be sensitive to the presence of organic acids, soil redox potential,
and other peculiarities of the weathering environment (Grimley and Arruda, 2007; Schwertmann,
1991). To establish that quartz and magnetite provide equally robust estimates of watershedscale denudation rates and that the two minerals are similarly affected by chemical weathering,
denudation rates from each must be evaluated against one another across a range of weathering
environments.
In this chapter, denudation rates using 10Be and 36Cl in magnetite are assessed at 12
watersheds in the Sierra Nevada region. First, denudation rates from magnetite are verified
against those estimated from accumulated sediment volumes as well as 10Be in quartz at two
small catchments in the Fort Sage Mountains in the western Basin and Range where soil
weathering is largely inconsequential (Riebe and Granger, 2013). Next, to assess whether
magnetite and quartz weather at different rates under more rigorous weathering conditions,
denudation rates from each are evaluated at four headwater catchments on the western slope of
the southern Sierra Nevada. Finally, quartz and magnetite are compared in six watersheds in the
northern Sierra Nevada developed on compositionally heterogeneous bedrock including varying
amounts of quartz-poor andesitic volcaniclastic rock. These watersheds serve as a first test of the
applicability of magnetite to determining denudation rates on volcanic rock types that lack
quartz.
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2. Study Sites

2.1 Fort Sage
The study site in the Fort Sage Mountains encompasses a pair of small, adjacent
catchments incised into granodiorite exposed in the footwall of a normal fault block in Lassen
Co., CA (Fig. 2.1). The climate at this site is semi-arid, soils are thin (42 +/- 9 g cm-2), and
vegetation is sparse and dominated by shrubs. Quartz enrichment in the soil as quantified by
zirconium is 17 +/- 4 % (Riebe et al., 2004; Riebe & Granger, 2013). The two catchments are
0.13 and 0.41 km2 in area and both are drained by dry washes that debouch onto an associated
pair of alluvial fans. Fan deposition began following the retreat of Lake Lahontan from its high
stand shoreline at ca. 16,100 +/- 500 cal. yrs. BP. Sediment transport in these catchments occurs
primarily through surface runoff erosion and shallow landsliding following seasonal precipitation
events as well as by bioturbation.
These catchments were the location of one of the first tests of watershed scale denudation
rates using cosmogenic nuclides (Granger et al., 1996). In that study, the geometries of the two
alluvial fans were precisely measured and fan volumes were determined from the geometries.
Erosion rates were then estimated by dividing the mass of sediment in the fans by the sediment
contributing areas of the catchments and by the elapsed time since lake retreat. This produced an
estimate of the erosion rate in each catchment averaged over the lifetime of the fan, a similar
period to the averaging timescale of denudation rates from cosmogenic nuclides. The fanvolume-based erosion rates were then compared to denudation rates from 10Be and 26Al in quartz
sediment of various grain size classes. Denudation rates from the nuclide concentrations were
found to agree well with those from the fan volumes, demonstrating that cosmogenic nuclides
credibly record long-term erosion rates. This work was later expanded to include a zirconium
enrichment, mass balance analysis. This showed that the weathering bias at the site is small and
that erosion rates corrected for quartz enrichment also agree well with those from the fan
volumes (Riebe et al., 2001b). The independently constrained denudation rates and extensive
prior work at this site make it an ideal place for a first test of the veracity of denudation rates
from magnetite.
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2.2 Southern Sierra Nevada
The second study site includes four headwater catchments in Fresno Co., CA that are part
of the NSF-funded Southern Sierra Critical Zone Observatory (SSCZO). From highest to lowest
elevation these catchments are Providence Creek (including sub-catchments P301 and P303 at
1898-2115 and 1754-2018 m asl), Duff Creek (D102, at 1502-1981 m asl), and Soaproot Creek
(SR-1, at 1140-1480 m asl). The catchment areas upstream of the sampling points as determined
from 1/3rd arc-second DEMs range from 0.48 to 0.97 km2. All watersheds are developed on
granodiorite and tonalite of the Shaver Intrusive Suite (Bateman and Wones, 1972). The streams
are 1-3 meters in width and display cascade or step-pool morphologies and channel gradients that
are generally greater than 10% (Hunsaker and Neary, 2012). The site lies within the Sierran
mixed conifer biome and is vegetated by ponderosa pine (Pinus ponderosa), white fir (Abies
concolor), California incense-cedar (Calocedrus decurrens), sugar pine (Pinus lambertiana), and
black oak (Quercus kelloggii). Soils are well drained and generally lack redoxiomorphic features,
however they do contain AE and Ebt horizons from which Fe has been complexed and eluviated
by organic acids (Dahlgren et al., 1997). Sediment transport on hillslopes is likely dominated by
diffusive processes and delivery of sediment to the channels by head-cutting and bank failure.
The site is located in the middle portion of an intensively studied orographic climate and
weathering gradient (Dahlgren et al., 1997; Dixon et al., 2009; Holbrook et al., 2014). Winter
precipitation in Providence Creek and Duff Creek falls mostly as snow, whereas Soaproot Creek
receives primarily rain. Weathering intensity as inferred from soil thicknesses, clay content, and
citrate-dithionite extractable iron reaches a maximum just below the rain/snow transition at
~1600 m and then decreases with increasing elevation. In Providence Creek and Duff Creek
quartz enrichment in the soil estimated from zirconium is 27 +/- 5 % (Riebe and Granger, 2013).
Enrichment is likely moderately higher in SR-1, which lies below the rain/snow transition. Soil
mass-thickness averages 90 +/- 9 g cm-2 in the upper three catchments and is also expected to be
slightly greater in SR-1 (Johnson et al., 2011). The thick soils and significant degree of soil
weathering should accentuate any differential weathering signal and help to resolve whether
magnetite and quartz equally resist dissolution in moderately intense weathering environments.
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2.3 Northern Sierra Nevada
Samples were collected from two sites in each of three catchments on the western slope of
the northern Sierra Nevada. From north to south these are Pilot Creek in El Dorado Co., San
Antonio Creek in Calaveras Co., and Jawbone Creek in Tuolumne Co., California. These
watersheds range in area from 8.1 to 30.5 km2 and are developed on mixtures of Mesozoic
plutonic, Paleozoic sedimentary and meta-sedimentary, and Miocene to early Pliocene
volcaniclastic rock (Table 2.1). The plutonic rocks include granite, quartz monzonite, and
granodiorite of the Sierra Nevada Batholith, while the sedimentary and meta-sedimentary rocks
are primarily low-grade argillites with some carbonates and sandstone. The volcaniclastics are
composed of andesitic fluvial, mudflow, and breccia deposits and comprise the Mehrten
formation (Piper et al., 1939; Wakabayashi and Sawyer, 2001). Like the SSCZO, these
watersheds are located within the Sierran mixed-conifer forest; portions of each watershed are
managed for commercial timber production. Stream channels are approximately 3-5 m in width
at the sampling locations. They display a plane bed morphology with channel gradients of
generally less than 5%. Portions of Pilot and Jawbone Creeks were recently subject to wildfire
and post-fire sheet and rill erosion as well as bank failure induced by fire-killed treefall dominate
sediment transport and introduction to the channels. In unburned areas diffusive processes are
likely most important.
The weathering environment at the northern Sierra sites is broadly similar to that of the
SSCZO. Weathering intensity reaches a maximum just below the winter snow line (~1600 m asl)
and declines toward both higher and lower elevations (Rasmussen et al., 2007). Soils properties
differ between parent materials; soils developed on the Mehrten formation have lower bulk
densities and more organic matter than do soils on other parent materials and generally exhibit
greater chemical depletion due to rapid weathering of volcanic glass, especially below the snow
line (Rasmussen et al., 2007). The soils at these sites are mostly well-drained and soil massthicknesses are assumed to be similar to the SSCZO, likely around 100 g cm-2. Mass-thickness
may be slightly lower for the low-bulk-density soils developed on the Mehrten formation.
Together, the northern Sierra sites provide an opportunity to further evaluate the relative
weathering susceptibilities of quartz and magnetite as well as to test denudation rates from
magnetite on quartz-poor volcanic rocks.
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3. Methods

3.1 Sample Collection
One of magnetite’s most attractive attributes is its strong ferrimagnetism. This can be
exploited to collect large, magnetite-rich samples in the field while avoiding the labor and cost
associated with obtaining, shipping, and processing large quantities of bulk sediment. Although
magnetite is rarely present in rocks at concentrations greater than a few weight percent, it tends
to concentrate in stream sediment along with other heavy minerals by hydraulic sorting. This
allows an ample amount of sample to be collected from watersheds in which the parent rock
contains only trace amounts of magnetite by simply dragging a strong magnet across the stream
bed and through heavy mineral lags along the channel base. Magnetite grains and magnetitebearing rock fragments will stick to the magnet, allowing a mineral concentrate to be collected
directly in the field.
Magnetic sediment collection was conducted using magnets encased in plastic rods. The
magnetite collection efficiency of a magnetic rod is roughly proportional to the rod’s magnetic
surface area. The rods were therefore designed to allow for a maximum of magnetic surface area
while still maintaining a light, wieldy, and unencumbered feel. The rod design consists of a tube
of polyoxymethylene (Delrin®) 12 ½” in length with an inside diameter of ½” and wall thickness
of 1/16th inch. Delrin® was chosen for its superior abrasion resistance. Four diametrically
magnetized neodymium-iron-boron rare earth magnets 2” in length and ½” in diameter are
inserted end-to-end into the tube, providing 8” of magnetized length. The remaining length is
divided between a 1” cap above the magnets and a 3 ½” grip. This allows magnetic sediment to
be removed from the rod by scraping from either side. Both sides of the rod are stopped with ½”
solid Delrin® and the edges of the cap are gently rounded while the grip is left square. The mass
of the finished rod is approximately 250 g. A rod of these dimensions can be constructed easily
with basic hand-tools at a cost of about $30 USD.
Magnetic sediment was collected by dragging the magnetic rod along the base of the
channel and through accumulations of sandy sediment in pools and in the stoss and lee of
boulders, woody debris, and other obstructions in the bed. Collection efficiency was greatest
where the sampled sediment was either completely dry or completely saturated. At intermediate
pore water content sediment is cohesive and collection is more difficult. Collection efficiency is
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also dependent on sediment caliber. In streams that are dominated by monocrystalline, sandsized grains, a higher grade of magnetic sediment can be collected faster than in streams that are
dominated by gravel and coarse lithic fragments. A single person can collect an approximately 2
kg sample using a magnetic rod of this design in about one half-hour from a saturated and sandy
streambed, or in about 1 hour from a saturated, but armored streambed. Collecting an equivalent
amount of sample from damp sediment in a dry streambed or bar deposit requires around 2
hours. Physical mineral separation yields from the magnetic fraction are generally 10-20% of
sample mass, depending on the relative proportions of individual mineral grains vs. lithic
fragments in the sample.
Bulk and magnetic sediment samples were collected from each of the study watersheds.
At Fort Sage, samples were collected in December, 2013 and again in July, 2015. Both the bulk
and magnetic 2015 samples from the small catchment consisted primarily of coarse grus. All
other samples collected at the Fort Sage catchments consisted of a mixture of grus and more
granular, sandy sediment. The SSCZO was sampled in June, 2014 and the northern Sierra sites in
June, 2016. The magnetic sediment from these sites was dominated by coarse sand while the
bulk sediment contained a mixture of sand and gravel. The magnetic sediment from the northern
Sierra sites also contained some gravel-sized lithic clasts, mostly of intermediate volcanic
compositions that were likely sourced from the Mehrten formation.

3.2 Sample Preparation
3.2.1 Mineral Separation and Cleaning
Quartz and magnetite mineral separates were obtained using procedures similar to those
described in Chapter 1. At Fort Sage, both magnetite and quartz were extracted from the
magnetic sediment sample. In theory, this implies that every quartz grain was part of a
polycrystalline aggregate with magnetite and should thus record a similar exhumation history,
regardless of mineral weathering rates in the soil. Conversely, in the SSCZO and northern Sierra
quartz was extracted from the bulk sediment sample and magnetite from the magnetic sediment
sample in order to fully resolve any differential weathering signal.
The magnetite samples were prepared in small batches over the course of more than 2
years and were subject to varying pre-treatments. 10Be and 36Cl from Fort Sage and the SSCZO
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samples were prepared on separate magnetite aliquots. All samples received some preliminary
fine-crushing protocol, either using a shatterbox or grinding with zirconia balls on an oscillatory
shaker. All samples were also subject to leaching in 1-2% HF/HNO3 and dithionite-citratebicarbonate (DCB) to remove residual silicates and secondary iron oxides. This sample pretreatment differs from the production rate samples discussed in the previous chapter in that those
were not subject to HF/HNO3 leaching before dissolution. The HF/HNO3 leach was introduced
for these samples in the hopes of driving down sample stable chloride content by dissolving any
residual chlorine-bearing hydrous silicates in the magnetite mineral separates.

3.2.2 Sample Chemical Preparation
10

Be from quartz samples was chemically prepared according to procedures discussed in

Section 3.3 of Chapter 1. At Fort Sage, quartz samples from each of the two catchments were
processed from both the December, 2013 and July, 2015 sample sets. For the SSCZO, three
aliquots of each quartz sample were prepared in order to assess the level of intra-sample
variability. A single aliquot of each quartz sample was processed for each of the six northern
Sierra sites.
Beryllium was isolated from magnetite samples using the aqua regia dissolution
procedures described in Section 3.2.5 of Chapter 1. 10Be targets were prepared from magnetite
from both catchments at Fort Sage from the samples collected in 2013. In the SSCZO samples
were prepared from each of the four watersheds. These included two replicate aliquots for both
SR-1 and D102 to test reproducibility.
36

Cl was prepared from magnetite separated from the 2015 Fort Sage and SSCZO

samples using chemical procedures identical to those described in Chapter 1, differing only in
that oxalic acid volumes were scaled proportionately to sample mass and the filter apparatus was
cleaned between samples by soaking in freshly prepared nitric acid rather than in recycled,
general-cleaning nitric acid that may have been a source of contaminate 36Cl in the production
rate samples. 36Cl targets were prepared for the SSCZO catchments using separate magnetite
aliquots from those used for 10Be. For the northern Sierra sites, samples were prepared using the
same procedures as for the SSCZO samples excepting that the crude AgCl product was
recovered by centrifugation rather than filtration. In all cases, undissolved mineral residue was
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collected, rinsed, and massed. The mass of the residue was then subtracted from the sample mass
to yield the dissolved mass.

3.2.3 Analytical Measurements
10

Be/9Be and 36Cl/ClTotal ratios were measured by AMS at PRIME Lab, Purdue

University. 10Be measurements were normalized against the 10Be standard described by
Nishiizumi et al. (2007) while 36Cl measurements were normalized against the Sharma et al.
(Sharma et al., 1990) 36Cl standard. 10Be and 36Cl concentrations were calculated from the spike
and sample masses and the measured isotope ratios. Blank corrected 36Cl and 10Be concentrations
are shown in Table 2.2. Blank corrections range from 0.41 x 105 to 1.15 x 105 for 10Be and from
0.85 x 105 to 1.5 x 105 atoms for 36Cl. These generally account for under 5% of the 10Be and 10%
of the 36Cl inventory of any sample.
K, Ca, and Ti concentrations in the magnetite samples were determined by ICP-OES on
sample aliquots dissolved in hydrochloric (SSCZO, Fort Sage) or pyrophosphoric acid (northern
Sierra). Stable chloride contents of each sample were determined using isotope dilution mass
spectrometry (Desilets et al., 2006). For D102 this produced a negative stable chloride
concentration, likely due to the use of a smaller acid volume for digestion of that sample than
used for the blank. The stable chloride concentration for this sample was therefore assumed to be
negligible. Stable chloride contents of the remaining magnetite samples are low; for 7 of the 12
samples the measured stable chloride content was below 2 ppm, whereas for the remaining 5
samples the stable chloride concentrations ranged from 7.5 to 11 ppm (Table 2.3).

4. Theoretical Approach

4.1 Denudation Rates on Soil Mantled Landscapes
In most watersheds the ground surface is mantled by soil that is vertically mixed by
burrowing, tree-throw, creep, and other processes. In this case, Eqns. 1.10 and 1.11 from Chapter
1, which describe cosmogenic nuclide accumulation in an eroding surface in the absence of soil
mixing, cannot be applied directly to determine the denudation rate. The situation is further
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complicated by the tendency of many minerals to be enriched or depleted across the subsoil/soil
interface by chemical weathering in the soil. Thus, a formulation is needed for the denudation
rate that considers the effects of vertical soil mixing and chemical weathering on the
accumulation of cosmogenic nuclides.
A well-developed conceptual model to address these challenges involves dividing the
subsurface into soil, composed of mobile, weathered regolith that is mixed rapidly, and subsoil
or saprolite that is iso-volumetrically weathered, but retains the structure of the parent rock. In
this approach denudation is defined as encompassing mass loss by both physical and chemical
processes, whereas erosion refers specifically to physical erosion. The change in a nuclide
concentration in the well-mixed zone with time can be described by considering the mass fluxes
into and out of that zone (Riebe and Granger, 2013):
𝑑〈𝑁〉
𝑑𝑡

= 〈𝑃〉𝑋𝑠𝑜𝑖𝑙 − 〈𝑁〉

𝐸𝑠𝑜𝑖𝑙
𝜌ℎ

𝑋𝑠𝑜𝑖𝑙 − 〈𝑁〉

𝑊𝑥,𝑠𝑜𝑖𝑙
𝜌ℎ

− 〈𝑁〉𝜆𝑋𝑠𝑜𝑖𝑙 + 𝑋𝑠𝑢𝑏 𝑁𝑠𝑎𝑝

𝐸𝑠𝑎𝑝
𝜌ℎ

[2.1]

where <P> is the depth-averaged production rate of a particular cosmogenic nuclide in the soil
(atoms g-1 yr-1), <N> is the average concentration of that nuclide in the soil (atoms g-1), Esoil is
the physical erosion rate of the soil (g cm-2 yr-1), Wx,soil is the weathering rate of the target
mineral in the soil (g cm-2 yr-1), Esap is the erosion rate of the saprolite or subsoil (g cm-2 yr-1),
which is equivalent to the soil production rate, ρ is the soil density (g cm-3), h is the soil height
(cm), Xsoil is the concentration of the target mineral in the soil (g g-1), and Xsub is the
concentration in the subsoil (g g-1), and λ is the decay constant of the target nuclide (t-1). The first
term on the right-hand side of Eqn. 2.1 represents radionuclide input by in situ production in the
soil, while the second and third account for nuclide loss from the soil by target mineral erosion
and dissolution. The fourth term accounts for nuclide loss through radioactive decay and the fifth
nuclide gain by conversion of subsoil to soil.
In this framework, the mass of the soil is generally considered to be in steady-state over
erosional timescales, with soil production by conversion of the subsoil to soil balancing exactly
mass losses from the soil by chemical and physical erosion. That is, in steady state:
𝐷𝑠𝑜𝑖𝑙 = 𝐸𝑠𝑜𝑖𝑙 + 𝑊𝑠𝑜𝑖𝑙

[2.2]

where Dsoil is the soil formation rate and is equivalent to the erosion rate of the saprolite/subsoil:
𝐸𝑠𝑎𝑝 = 𝐷𝑠𝑜𝑖𝑙

[2.3]

Furthermore, in steady state the flux of a target mineral into the soil by erosion of the subsoil
must be equivalent to the flux of that target mineral out of the soil by physical erosion and
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chemical weathering. This allows the weathering rate of the target mineral in the soil to be cast
as a function of the soil formation rate, the soil erosion rate, and the concentrations of the target
mineral in the soil and subsoil:
𝑊𝑥,𝑠𝑜𝑖𝑙 = 𝑋𝑠𝑢𝑏 𝐸𝑠𝑢𝑏 − 𝑋𝑠𝑜𝑖𝑙 𝐸𝑠𝑜𝑖𝑙

[2.4]

For a soil of some thickness (h) and density (ρ) the depth-averaged cosmogenic nuclide
production rate in the soil attributable to production mechanisms that are attenuated
exponentially with depth is given by:
〈𝑃𝑖 〉 = ∑𝑖

𝑃0𝑖 𝛬𝑖

(1 − 𝑒

𝜌ℎ

−𝜌ℎ
𝛬𝑖

)

[2.5]

where P0i is the surface production rate by production mechanism i and Λi is the mean free path
of the radiation responsible for production mechanism i. Similarly, the cosmogenic nuclide
concentration at the top of the subsoil may be described by:
𝑃 (0)

𝑁 = ∑𝑖 𝜆+𝐷𝑖

𝑒

𝑠𝑜𝑖𝑙 /𝛬𝑖

−𝜌ℎ
𝛬𝑖

[2.6]

Substituting Eqns. 2.3-2.6 into Eqn. 2.1, solving for steady state, and rearranging terms produces
an expression describing the cosmogenic nuclide concentration in a weatherable target mineral in
a well-mixed and eroding soil:
〈𝑁〉 = ∑𝑖

𝑃𝑖 (0)𝛬𝑖 𝑋𝑆𝑜𝑖𝑙
𝜌ℎ

{𝑋

𝑆𝑢𝑏

(1 − 𝑒

−𝜌ℎ
𝛬𝑖

𝐷

𝑋𝑆𝑜𝑖𝑙 −1

)} [𝜌ℎ + 𝜆 𝑋

𝑆𝑢𝑏

]

𝑃𝑖 (0)𝐷

+ (𝜆+𝐷

𝑠𝑜𝑖𝑙

𝑒
/𝛬 )𝜌ℎ
𝑖

−𝜌ℎ
𝛬𝑖

𝐷

𝑋

[𝜌ℎ + 𝜆 𝑋𝑆𝑜𝑖𝑙 ]

−1

𝑆𝑢𝑏

[2.7]

Eqn. 2.7 is analogous to Eqn. 8 in Riebe & Granger (2013) except that Eqn. 2.7 fully accounts
for radioactive decay in both the soil and subsoil.
Although this expression is somewhat cumbersome, simple inspection reveals several
interesting features. First, in the limit in which Xsoil/Xsub goes to zero (i.e. when the target
mineral is completely weathered from the soil) Eqn. 2.7 reduces to Eqn. 2.5 for the nuclide
concentration at the top of the subsoil. Likewise, if Xsoil/Xsub equals unity (i.e. there is no
chemical weathering of mineral X in the soil, or at least no depletion or enrichment of mineral
X), and decay is neglected, then Eqn. 2.7 simplifies to the conventional equation used to
determine catchment-averaged denudation rates:
𝑁=

𝑃𝛬𝑖
𝐷

[2.8]

However, when comparing denudation rates from different minerals using isotopes with
dissimilar half-lives, both decay and weathering must be considered. This is especially important
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for making meaningful comparisons between denudation rates from 10Be and 36Cl as their halflives differ appreciably. Thus, in this chapter apparent denudation rates from both minerals are
calculated using Eqn. 2.7. Denudation rates are initially calculated assuming no enrichment or
depletion of either quartz or magnetite. The calculated denudation rates from quartz and
magnetite are then compared to one another as a ratio to assess the extent to which there is a
systematic bias that may be attributable to chemical weathering or other factors.

4.2 Depth Dependence of Production Mechanisms
4.2.1 Spallation and Muon Reactions
The cosmogenic nuclide inventory in an eroding sample records production integrated
across the sample’s exhumation path. In order to make accurate comparisons between
denudation rates from different nuclides using Eqn. 2.7, it is critical that the depth dependency of
each relevant reaction is described accurately. Production of 10Be and 36Cl in quartz and
magnetite occurs through several types of nucleon and muon-induced nuclear reactions including
spallation, low-energy neutron capture, slow negative muon capture, and fast muon interactions
(see Chapter 1). The depth-attenuation behavior of these reactions differs and each must be
considered in turn.
Production of 10Be in quartz and 36Cl in magnetite is dominated by high-energy nucleon
spallation on O and Fe, respectively. The attenuation of high-energy secondary cosmic ray
nucleons with depth is described by an exponential decay law (Lal, 1991):
𝑃𝑠 (𝑧) = 𝑃𝑠 (0)𝑒 −𝑧/𝛬𝑓 [2.9]
where Ps(z) is the spallogenic production rate (atoms g-1 yr-1) at some mass-depth z equivalent to
ρx (g cm-2), Ps(0) is the surface production rate, and Λf is the effective attenuation length and is
related to the absorption mean free path of high-energy neutrons (g cm-2). The parameter Λf is
often assumed to be uniform for all spallation production reactions (Balco et al., 2008;
Schimmelpfennig et al., 2009). However, because higher energy nucleons are attenuated less
rapidly than lower energy nucleons (Argento et al., 2015b), effective attenuation lengths may
differ between production reactions that are sensitive to different portions of the secondary
cosmic ray energy spectrum. Production of 36Cl from Fe is a somewhat higher energy reaction
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than production of 10Be from O (Reedy, 2013; Schiekel et al., 1996), and thus may be associated
with a longer attenuation length. If the attenuation length for 36Cl production is higher than the
corresponding length for 10Be production, then denudation rates estimated from 36Cl
concentrations in magnetite should be systematically lower than denudation rates from 10Be in
quartz if both are calculated using identical attenuation lengths.
In addition to spallation, 10Be may also be produced through slow muon capture and fast
muon interactions. Muons interact weakly with matter and thus penetrate much more deeply into
the subsurface than do nucleons. Although muons account for less than 2% of production at the
surface, their long depth-attenuation scale means that they must be accounted for when
determining denudation rates (Balco, 2017). This is especially true when comparing denudation
rates from 10Be in quartz to those from 36Cl in magnetite in which muon production is likely not
important (Chapter 1, section 5.2). Here, the depth-dependence of muon production is treated
using the three-exponential approach common in weathering and erosion studies (Granger and
Smith, 2000):
𝑃𝜇 (𝑧) = 𝑃1 𝑒 −𝑧/𝛬1 + 𝑃2 𝑒 −𝑧/𝛬2 + 𝑃3 𝑒 −𝑧/𝛬3

[2.10]

where Pμ(z) is the total production rate of 10Be by muons at mass-depth z, P1, P2, and P3 are
production scaling factors (atoms g-1), and Λ1, Λ2, and Λ3 are effective attenuation lengths (g cm2

) with values of 738.9, 2688, and 4320 g cm-2, respectively.

4.2.2 Low-energy Neutron Capture
Thermal and epithermal (low-energy) neutron capture is an important production
mechanism for 36Cl in samples with more than a few ppm stable chloride. Low-energy neutrons
are produced primarily by moderation of fast secondary cosmic ray neutrons. They behave
diffusively and their flux in the subsurface is regulated by the neutron moderation and absorption
properties of the surrounding rock or soil. Due to the high neutron absorption cross-section of
nitrogen, the thermal neutron flux, and consequently 36Cl production rate by neutron capture, is
typically depressed just below the ground/air interface (Phillips et al., 2001). Treatment of the
depth-dependence of neutron capture production therefore requires special consideration.
Liu et al. (1994) first described production of 36Cl by low-energy neutron capture in
geomorphically unstable landforms using a series of exponential terms conducive to analytical
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integration. This approach, based on nuclear reactor neutron diffusion theory, was improved by
Phillips et al. (2001) who expanded the treatment to first derive the epithermal neutron flux from
moderation of fast neutrons and then the thermal neutron flux from moderation of epithermal
neutrons. The production rate of 36Cl by low-energy neutron capture may then be described as a
function of the epithermal and thermal neutron fluxes at depth. Production from epithermal
neutrons is given by:
𝑓𝑒𝑡ℎ

𝑃𝑒𝑡ℎ (𝑧) =

𝛬𝑒𝑡ℎ,𝑠𝑠

𝛷𝑒𝑡ℎ,𝑠𝑠,𝑡𝑜𝑡𝑎𝑙 [2.11]

Where 𝑃𝑒𝑡ℎ (𝑧) is the production rate (atoms g-1 yr-1) by epithermal neutron capture at some
mass-depth z (g cm-2), 𝑓𝑒𝑡ℎ is the fraction of epithermal neutrons that are captured by 35Cl
(unitless), Λeth,ss is the effective attenuation length of epithermal neutrons (g cm-1), and Φeth,ss,total
is the total flux of epithermal neutrons in the subsurface (neutrons cm-2 yr-1). An analogous
equation may be written for thermal neutrons:
𝑃𝑡ℎ (𝑧) =

𝑓𝑡ℎ
𝛬𝑡ℎ,𝑠𝑠

𝛷𝑡ℎ,𝑠𝑠,𝑡𝑜𝑡𝑎𝑙

[2.12]

The thermal and epithermal neutron fluxes in Eqns. 2.11 and 2.12 resulting from the
moderation of fast neutrons may be described by a series of exponential terms. For epithermal
neutrons:
∗
𝛷𝑒𝑡ℎ,𝑠𝑠,𝑡𝑜𝑡𝑎𝑙 (𝑧) = 𝛷𝑒𝑡ℎ,𝑠𝑠
𝑒

−

𝑧
𝛬𝑓

−𝑧

+ (𝐹∆𝛷)∗𝑒𝑡ℎ,𝑠𝑠 𝑒 𝐿𝑒𝑡ℎ

[2.13]

∗
where 𝛷𝑒𝑡ℎ,𝑠𝑠
is the flux of epithermal neutrons in the subsurface in the absence of the

surface/atmosphere interface (neutrons cm-2 yr-1), Leth is the diffusion length of epithermal
neutrons (g cm-2), and (𝐹∆𝛷)∗𝑒𝑡ℎ,𝑠𝑠 is a term accounting for diffusive neutron leakage (neutrons
∗
cm-2 yr-1). This term is essentially the difference between 𝛷𝑒𝑡ℎ,𝑠𝑠
and the actual low-energy

neutron flux just below the ground surface. Similarly, the thermal neutron flux in the subsurface
is given by:
∗
𝛷𝑡ℎ,𝑠𝑠,𝑡𝑜𝑡𝑎𝑙 (𝑧) = 𝛷𝑡ℎ,𝑠𝑠
𝑒

−

𝑧
𝛬𝑓

+ (ℑ∆𝛷)∗𝑒𝑡ℎ,𝑠𝑠 𝑒

−

𝑧
𝐿𝑒𝑡ℎ

+ (ℑ∆𝛷)∗𝑡ℎ,𝑠𝑠 𝑒

−

𝑧
𝐿𝑡ℎ

[2.14]

Where (ℑ∆𝛷)∗𝑒𝑡ℎ,𝑠𝑠 is a factor accounting for the shape of the parent epithermal neutron profile,
∗
(ℑ∆𝛷)∗𝑡ℎ,𝑠𝑠 for the diffusion of thermal neutrons into the atmosphere, and 𝛷𝑒,𝑠𝑠
is the flux of

thermal neutrons in the subsurface in the absence of the surface/atmosphere interface. All have
units of neutrons cm-2 yr-1. Lth is the diffusion length of thermal neutrons (g cm-2). Each of the
coefficients to the exponential terms in Eqns. 2.13 and 2.14 as well as the thermal and epithermal
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neutron diffusion lengths, may be calculated from nuclear physics parameters, the composition
of the sample’s environment, and the empirically calibrated parameter Pf(0) (Marrero et al.,
2016; Phillips et al., 2001; Schimmelpfennig et al., 2009).
Total production of 36Cl production by low-energy, cosmic ray neutron capture may thus
be approximated using a series of five exponential terms:
𝑓

∗
𝑃𝑛 (𝑧) = 𝛬 𝑒 [𝛷𝑒,𝑠𝑠
𝑒

−

𝑒,𝑠𝑠

(ℑ∆𝛷)∗𝑒,𝑠𝑠 𝑒

𝑧
−
𝐿𝑡ℎ

]

𝑧
𝛬𝑓

+ (𝐹∆𝛷)∗𝑒,𝑠𝑠 𝑒

−

𝑧
𝐿𝑒𝑡ℎ

]
𝑒𝑡ℎ

+

𝑓𝑡ℎ
𝛬𝑡ℎ,𝑠𝑠

∗
[𝛷𝑒,𝑠𝑠
𝑒

−

𝑧
𝛬𝑓

+ (ℑ∆𝛷)∗𝑒,𝑠𝑠 𝑒

−

𝑧
𝐿𝑒𝑡ℎ

+

[2.15]

𝑡ℎ

where the diffusion terms may take a negative sign and therefore account for the depression of
the neutron flux near the surface of the earth. To simplify the analysis, capture of neutrons
produced by photonuclear reactions, radioactive decay, and slow negative muon capture
reactions are ignored here. These neutrons sources are of secondary importance and neglecting
them should not introduce significant error for samples in which neutron capture does not
dominate 36Cl production.
For the purpose of determining catchment-averaged denudation rates it is desirable to
reduce the contribution of neutron capture to a sample’s 36Cl production rate as much as possible.
This is because the low-energy neutron flux depends on the chemical composition of a sample’s
environment, including water content, which is difficult to constrain and likely to vary in both
space and time within a catchment. Furthermore, Pf(0) is one of the least well-constrained 36Cl
reference production parameters and is subject to considerable uncertainty that is then
propagated into denudation rate calculations (Marrero et al., 2015).

4.3 Production Rates
4.3.1 Spallation Production Parameters
Denudation rates calculated with Eqn. 2.7 are directly dependent on the values chosen for
the various parameters. As in Chapter 1, the effective attenuation lengths for high-energy
neutrons were computed for the mean elevation and latitude of each catchment after the approach
of Marrero et al. (2016) using the PARMA code from Sato et al. (2008). Reference SLHL
production rates for the “St” scaling model for both 10Be in quartz and 36Cl from K and Ca were
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taken from Borchers et al. (2015) and Marrero et al. (2015). The 36Cl production rate from Ti
was estimated from the Fe/Ti production ratio (Masarik, 2002) and the SLHL 36Cl production
rate on Fe calibrated in Chapter 1 after the approach of Marrero et al. (2015). The “St” scaling
model was chosen to facilitate analytical integration of the production rate through the
exhumation path.

4.3.2 Production Rate Scaling
Watershed averaged nucleonic (i.e. spallation and low-energy neutron) scaling factors
were determined by dividing each watershed into 1 m elevation bins using a 1/3rd arc-second
DEM and then computing the scaling factor for each elevation bin produced by the “St” scaling
model. The watershed averaged production rate was then determined by taking the spatially
weighted average of the elevation bins. In this analysis, topographic shielding and variation in
attenuation length with ground surface geometry are not considered. Similarly, shielding by
snow and biomass are neglected.
Accurate muon production rate scaling is critical to making meaningful comparisons
between quartz and magnetite. The production rate scaling factors in Eqn. 2.10 were determined
by generating a synthetic muon depth profile to 5000 g cm-2 using the muon codes from (Balco
et al., 2008) updated for new muon production parameters from the Beacon Heights core (Balco,
2017; Phillips et al., 2016a). The coefficients in Eqn. 2.10 were then determined from the
synthetic depth profile using the default MATLAB (version R2012b) “Fit” function. This
provides an expedient way to generate scaled muon production factors incorporating energydependent attenuation lengths in a form that is easily incorporated into the theoretical framework
used in Eqn. 2.7 and more generally in weathering and erosion studies (Granger & Riebe, 2014;
Riebe, 2001).

4.3.3 Neutron Capture Parameters
36

Cl production by low-energy neutron capture is dependent on the chemical composition

of the sample’s environment. In a compositionally heterogeneous watershed neutron capture
production will vary spatially and stream sediment will reflect this variability. Neutron capture
production is most significant in the northern Sierra watersheds. These contain essentially three

65
compositional classes: andesite, granite, and sedimentary rock. Of these, only andesite and
granite are likely to be significant sources of magnetite. Neutron-capture production rates were
computed for these two rock types and the watershed-averaged neutron capture production rate
determined by taking the average of the andesite and granite production rates weighted by their
relative outcrop areas within each watershed. No attempt was made to weight according to the
relative abundance of magnetite in the two rock types.
Andesite and granite chemical compositions were approximated with data compiled from
several sources. Major element compositions for andesite and granite were taken from (Parker,
1967) and trace elements from measurements of stream sediment geochemistry near the northern
Sierra Nevada sites available through the USGS and the National Geochemical Survey (NGS)
database. Mean soil carbon and nitrogen values for the continental United States (Shacklette and
Boerngen, 1984) were assumed for soils developed on both rock types despite the high
probability of differences in carbon and nitrogen contents between soils developed on granite
and andesite. Concentrations of important neutron absorbers not reported in the NGS data (e.g. B
or Gd) were estimated.
Hydrogen is a very effective neutron moderator and thus plays a critical role in regulating
the low-energy neutron flux in the subsurface. Hydrogen may be present as pore water, adsorbed
water, snow, and structural water in clays, hydrous primary minerals, and soil organic matter. In
this analysis, soils developed on both andesite and granite are assumed to have a mean hydrogen
content equivalent to 25 wt. % water. Bulk densities of 0.9 and 1.3 g cm-3 are used for soils
developed on andesite and granitic rock, respectively. Each is adjusted upwards by 0.2 g cm-3 to
account for pore water. Each of the constants in Eqn. 2.7 were calculated using the measured
sample chloride contents and these estimates of watershed chemical composition following the
theory developed by Phillips et al. (2000) as implemented by Schimmelpfennig et al. (2009).
Although these estimates are rough, they should suffice to estimate the neutron-capture
contribution to total production for these samples as they have low stable chloride contents.

5. Denudation Rates
Denudation rates were calculated from both 10Be and 36Cl concentrations in quartz and
magnetite, respectively, by solving Eqn. 2.7 iteratively for the denudation rate with the
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summation being over all the relevant production mechanisms for each nuclide. Sample-specific
parameters used in these calculations are shown in Table 2.4 and the calculated denudation rates
are presented in Table 2.5. Replicate denudation rates from the three quartz aliquots at each
SSCZO agree within about 2 standard deviations, so the inverse-variance-weighted mean and
standard error of the 10Be concentrations of the replicates are used in all calculations and
analysis.
To facilitate comparison between the two methods, the results are presented as ratios
between denudation rates from 10Be and 36Cl in magnetite and 10Be in quartz. This approach
normalizes much of the uncertainty associated with production rate scaling and shielding by
snow and vegetation. Each of the denudation rate ratio sample sets display more scatter than can
be accounted for by analytical uncertainties alone. For this reason, unless otherwise stated, rather
than taking the inverse-variance-weighted mean and standard error, all the means presented are
unweighted means and the standard error is computed by dividing the inverse-variance weighted
standard deviation by the square-root of the sample size. The inverse-variance-weighted standard
deviation is also stated for each sample set to provide a metric of the dispersion in the data.
10

Bemt/10Beqtz denudation rate ratios at the SSCZO watersheds range from 0.68 to 1.15

with a mean of 0.91 +/- 0.10, and standard deviation 0.20. At Fort Sage they range from 0.28 to
0.55 with a mean of 0.42 +/- 0.14 and standard deviation of 0.19. The 36Clmt/10Beqtz. denudation
rate ratios from all sample sites vary between 0.70 to 1.32 with a mean of 0.98 +/- 0.06 and
standard deviation of 0.20 (Table 2.5, Fig. 2.2). The MSWD of the complete 36Clmt/10Beqtz
denudation rate dataset is 8.6 and the probability of the stated analytical errors producing this
value is 66%. This suggests that the data may contain excess variability due to geological factors.

6. Discussion
What are the sources of the excess variability? Is it random or is it systematic? To answer
these questions, the data are analyzed for several possible biases including differential
weathering between quartz and magnetite, inaccurately estimated production parameters, and the
presence of meteoric cosmogenic nuclides. Scatter resulting from heterogeneous target mineral
distribution and stochastic erosional processes is also considered.
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6.1 Meteoric 10Be
One of the best ways to determine whether meteoric nuclides are contaminating the in
situ-produced signal is to compare two different nuclides in the same mineral fraction (Blard et
al., 2008; Braucher et al., 2006; Nishiizumi et al., 1989). If meteoric contamination is not
present, then both nuclides should yield the same denudation rate within analytical uncertainties,
provided that all production parameters are correctly estimated and that no differential decay
occurred during sediment storage. This experiment was conducted in the SSCZO where both
10

Be and 36Cl were measured in magnetite. In these watersheds, the 10Bemt/36Clmt denudation rate

ratios range from 0.71 to 0.87 and have a straight mean of 0.85 +/- 0.04 (Fig. 2.3). The mean of
the denudation rate ratios is about four standard errors from unity, implying that 10Be in
magnetite produces significantly lower denudation rates than does 36Cl in the same mineral
fraction. This suggests that there is an excess of 10Be in the magnetite above the concentration
expected from the 36Cl inventory and 10Bemt/36Clmt production rate ratio. The excess 10Be is most
likely meteoric in origin (see Appendix A). Similarly, the presence of meteoric 10Be in the Fort
Sage magnetite provides an explanation for the lower denudation rates determined with 10Be in
magnetite than 10Be in quartz at that site. Due to the high likelihood of low-level contamination
by meteoric 10Be, denudation rates from that isotope in magnetite should be regarded as
unreliable. Consequently, the remainder of this analysis focuses on denudation rates from 36Cl in
magnetite alone.

6.2 Relative Weathering Susceptibilities
Although quartz and magnetite both resist chemical weathering to some extent, magnetite
may be weathered more rapidly than quartz under favorable soil conditions and may thus have a
shorter residence time in the soil and accumulate a smaller cosmogenic nuclide inventory. The
12 watersheds considered in this study encompass a range of weathering environments. At Fort
Sage, the climate is arid, vegetation is sparse, and bulk weathering intensity is moderate, while at
the SSCZO and northern Sierra sites weathering intensities are higher and decomposition of
thick O horizons and abundant coniferous vegetation furnishes a plentiful supply of organic acids
that may enhance magnetite weathering (Dahlgren et al., 1997; Schwertmann, 1991). Preferential
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weathering of magnetite should cause apparent denudation rates from that mineral to be higher
than those from quartz.
To assess whether a weathering bias exists, first consider the complete sample set. The
distribution of denudation rate ratios centers on unity, with a straight mean of 0.98 +/- 0.06. If
quartz is indeed insoluble, then magnetite cannot be enriched relative to quartz, so weathering
will only shift the 36Cl/10Be denudation rate ratio towards higher values. This trend is not
displayed by the data, suggesting that on average across the whole dataset [Qtzsoil]/[Qtzsub] is
approximately equal to [Mtsoil]/[Mtsub]. This argues against a significant weathering bias across
the whole dataset, but does this inference hold when only the most intensely weathered
catchments are considered?
In the SSCZO, the three highest elevation watersheds produce denudation rate ratios
between 0.93 +/- 0.08 and 1.09 +/- 0.09, while the lowest and most intensely weathered
catchment (SR-1) produces a ratio of 1.32 +/- 0.13. The high ratio in the lowest catchment is
consistent with depletion of magnetite by chemical weathering, however the mean denudation
rate ratio from the whole SSCZO sample set is 1.08 +/- 0.09 suggesting that on average the
denudation rates from the two minerals do not differ significantly. For differential weathering to
entirely explain the excursion in the denudation rate ratio at SR-1, magnetite would need to be
nearly completely weathered from the soil in that watershed, but almost unaffected by
weathering in the upper three catchments. It is unlikely that the weathering susceptibility of
magnetite changes drastically over the relatively moderate increase in weathering intensity that
occurs between the watersheds, suggesting that other factors may be influencing the denudation
rate ratio at SR-1. Likewise, the northern Sierra catchments, which occupy similar elevation
ranges and weathering environments to those in SSCZO, produce a mean denudation rate ratio of
0.98 +/- 0.09 with standard deviation 0.21. The good agreement indicates that any chemical
weathering bias in these watersheds must be small and is likely overshadowed by the
comparatively large amount of scatter distributed around the mean.

6.3 Lithological Heterogeneity
An important assumption that is often made when calculating cosmogenic denudation
rates is that the target mineral is distributed homogeneously throughout the study watershed. This
is a valid assumption where the watershed of interest is developed on a single, uniform lithology,
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such as the Fort Sage or in the SSCZO, but is invalid for the northern Sierra sites that are
underlain by various bedrock types. There, the denudation rate determined from cosmogenic
nuclides will represent the average of the denudation rates in the various sub-catchments
weighted by the relative concentration of the target mineral in the soil of each sub-catchment
(Carretier et al., 2015; Safran et al., 2005). The importance of the target mineral distribution to
the catchment-averaged denudation rate depends on how much the erosion rate and target
mineral concentrations vary between sub-catchments. In the limit where a target mineral is
present in only a portion of the watershed and absent elsewhere, the denudation rate from the
target mineral will reflect the denudation rate in the source area alone, and may differ
appreciably from the true catchment averaged rate.
Can this effect explain part or all of the dispersion of the northern Sierra dataset? The
three watersheds that produce denudation rate ratios that depart from unity by more than two
standard errors are Upper and Lower Pilot Creek and Upper Jawbone Creek. Pilot Creek is
primarily underlain by sedimentary rock in the area above the upper sampling site and almost
exclusively by the Mehrten formation between the upper and lower sampling sites (Fig. 2.1). The
sedimentary rock likely contains little, if any, magnetite while the Mehrten formation has a
paucity of quartz (Rasmussen et al., 2007). It is possible that the denudation rate from magnetite
records only the rate in the portions of the catchment underlain by the Mehrten formation,
whereas quartz reflects exclusively the denudation rate on the sedimentary rock in the upper
reaches of the catchment. A similar discrepancy may be possible in upper Jawbone if quartz is
sourced primarily from granitic bedrock and while the magnetite is derived from both the
granitic rock and the Mehrten formation. Quantitative analysis of the effect of lithological
heterogeneity on the denudation rate signal in these catchments would require collecting data on
the variation in magnetite and quartz content and denudation rates between the various rock
types.

6.4 Attenuation Lengths
The denudation rate calculated from a measured cosmogenic nuclide concentration
depends directly on the attenuation lengths of the pertinent production pathways. If the effective
attenuation length for production of 36Cl from Fe in magnetite is somewhat higher than of 10Be in
quartz, then the use of the same attenuation length to calculate denudation rates from both
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isotopes will produce denudation rate ratios that are too low. Nevertheless, the 36Cl/10Be
denudation rate ratios do not show any systematic trend towards anomalously low values as the
mean of the entire denudation rate ratio dataset is 0.98 +/- 0.06. Therefore, any difference in the
attenuation lengths must be below the resolution of the data.

6.5 Stochasticity
Interpreting a cosmogenic nuclide concentration in stream sediment as a denudation rate
relies on the assumption that each point in the catchment contributes sediment to the channel in
proportion to its long-term erosion rate. Although in the long-run it must be true that the
sediment exported from a catchment reflects such an average, in the short-term this may not be
the case. Erosional processes in small, high relief catchments are often highly episodic and the
short-term sediment supply may be dominated by discrete, localized erosion events. As sediment
storage time in montane channels is usually on the order of years to decades, the sediment
inventory in the channel at any time may not actually be a well-mixed, representative sample of
the long-term sediment output.
This is especially true in catchments in which erosion is dominated by landslides, debris
flows, and other mass wasting processes (Kober et al., 2012; Niemi et al., 2005; Yanites et al.,
2009). These may introduce large volumes of sediment more or less directly from the hillslopes
into the channel and, even when deep-seated sediment is not mobilized, they may bias the
denudation rate signal in the channel sediment reservoir towards that of the landslide site.
Likewise, in watersheds where erosion is dominated by diffusive transport of regolith under the
gravitational gradient, introduction of sediment into the channel is often controlled by stochastic
processes such as bank failure (Posner and Duan, 2012). In watersheds where erosion by
overland flow is important, ephemeral rill and gully erosion may source sediment from parts of a
catchment disproportionate to the long-term erosion rate. Furthermore, where soils are not wellmixed, sediment eroded from the top of the soil will have a different cosmogenic nuclide
inventory than deeper material introduced into the channel by bank-failure (Anderson, 2015).
Variations in the relative importance of these two processes with time may cause attendant
variability in the denudation rate signal recorded in the channel sediment reservoir.
The extent to which sporadic erosion and sediment introduction influence the cosmogenic
nuclide concentration in a stream depends on the thoroughness of sediment mixing during
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transport. In small, mountainous watersheds sediment transport capacity often exceeds sediment
supply, at least over short timescales, and sediment storage in channels is minimal (Montgomery
and Buffington, 1997). In environments where sediment input is dominated by sporadic events,
sediment is often described as moving through the channel network in discrete packets or as
waveforms (Allan James, 2010; Benda and Dunne, 1997; Cui et al., 2003; Gilbert, 1917; Miller
and Benda, 2000; Nicholas et al., 1995). When this is the case, there is likely little opportunity
for sediment mixing (Binnie et al., 2006; Savi et al., 2014). The extent of sediment mixing has
been demonstrated to increase with catchment size as localized variability is averaged out and
sediment storage capacity increases, however substantial variability may persist in catchments
smaller than about 100 km2 (Matmon et al., 2003; Yanites et al., 2009).
Is it possible that the stochastic nature of sediment supply and mixing accounts for the
observed variability in the denudation rate ratios? This would require that the two mineral
fractions behave as separate entities and that they are not drawn from the same sample of poorly
mixed sediment. This is plausible because the hydrodynamics of quartz and magnetite differ
appreciably. Magnetite, which is about twice as dense as quartz, has a higher shear stress
threshold for mobilization than quartz grains with an equivalent diameter. Consequently,
magnetite tends to accumulate in lag and placer deposits while quartz is winnowed and
transported downstream (Day and Fletcher, 1991). For this reason, it is possible that even if
sediment dispersion and mixing in the channel are moderate, magnetite may become separated
from quartz and the two mineral fractions at any particular location may not be part of the same
sediment packet.
Whether stochastic sediment inputs can explain the variability in the denudation rate
ratios is also dependent on the extent to which the denudation rate varies within the catchments.
The variance of denudation rates inferred from repeat sampling or different mineral fractions
cannot exceed the variance of the distribution of denudation rates within the catchment, provided
that the soils are well-mixed and that deep-seated landslides are not an important erosion
mechanism. Consider two end member geological scenarios: a watershed in dynamic
equilibrium, in which the erosion rate balances the uplift rate and is thus approximately uniform,
and the transient case where erosion is dependent on hillslope gradient or is controlled by the
threshold for land-sliding. The first scenario implies that there should be minimal variation in the
cosmogenic nuclide concentration within the catchment after accounting for the altitudinal
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dependence of production rates, whereas in the latter case appreciable variation is possible. The
transient model best describes the Fort Sage catchments as these are located on a fault scarp in an
area of active seismicity (Briggs et al., 2013). In the SSCZO and northern Sierra sites the
situation is less clear, however in the SSCZO catchment denudation rates vary by more than 50%
across less than 10 km and denudation rates vary by a factor of two along a hillslope transect in
providence creek (Dixon et al., 2009). For this reason, it is likely that the distribution of
denudation rates within each watershed is adequate to explain the ~20% standard deviation of the
SSCZO and northern Sierra datasets.

6.6 Comparison to other Replicate Studies
Several workers have produced repeat measurements of denudation rates using 10Be in
quartz from samples collected at different times. These repeat data often display a large variance.
Kober et al. (2012) reported an almost twofold range in apparent denudation rates determined
from repeat measurements of 10Be over three years at a debris-flow-dominated watershed in the
central Swiss Alps. Similarly, Savi et al. (2014) studied a steep-sloped catchment in the Italian
Alps and measured an averaged denudation rate that was a factor of two higher than that reported
by Norton et al. (2011) for a sample collected from approximately the same site in the same
catchment. Even where slope-failure processes are not the predominant mode of erosion,
variability in repeat measurements is often resolvable above analytical uncertainty. For example,
Matmon et al., (2003) noted a difference of ~10% in denudation rates from the sand-size
fractions of two samples collected four months apart at the mouth of a 330 km2 watershed in the
Great Smoky mountains. The authors note that in this watershed erosion is dominated by
diffusive processes and that mass wasting and overland flow are comparatively unimportant.
In a recently study, Foster and Anderson (2016) presented repeat denudation rate
measurements at 13 small catchments in the Colorado Front Range where Dethier et al. (2014)
previously determined erosion rates with 10Be in quartz. The watersheds were resampled by
Foster & Anderson (2016) after a major precipitation event (Anderson et al., 2015). In many
respects, these catchments are similar to those considered in this study in the Sierra Nevada
region; they range in area from 0.12 to 13.18 km2, are largely developed on crystalline rock, and
are eroding at rates within the same order of magnitude. Background sediment transport from the
hillslopes to the channels is dominated by creep, however the 2013 storm event initiated
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numerous landslides and debris flows (Anderson et al., 2015; Foster and Anderson, 2016).
Denudation rate ratios between the Foster & Anderson (2016) and Dethier et al. (2014)
measurements range from 0.75 to 1.43 with a mean of 0.98 +/- 0.05. The standard deviation of
the ratios is 0.19. These statistics almost exactly replicate those from the 36Clmt/10Beqtz
denudation rate ratios presented above, and may suggest that ~20% is a typical standard
deviation for repeat denudation rate measurements in small, mountainous catchments.
The study watersheds at Fort Sage have an extensive record of repeat cosmogenic nuclide
measurements. Denudation rate measurements at this location were made in 1996 (Granger et al.,
1996), 2001 (Riebe et al., 2001b), 2013, and 2015 (this work). In addition, 4 grain size fractions
were analyzed in both catchments from the samples reported by Granger et al. (1996). To assess
the amount of scatter at this site, denudation ratios were calculated between the estimates
provided by 10Be in quartz and alluvial fan sediment volumes. These have an inverse-varianceweighted mean and standard error 0.99 +/- 0.06 and a standard deviation of the data of 0.21. The
cosmogenic to fan-volume ratios for the 36Cl samples are 1.42 and 0.84. Both fall within about 2
standard deviations of the mean.
Prior measurements of 10Be concentrations in quartz from three of the SSCZO
catchments (P301, P303, and D102) were reported by (Hahm et al., 2014). These show excellent
accordance with those determined in this study; 10Be concentrations at P301 and P303 agree
within analytical uncertainty while at D102 they differ by only about 10%. Similarly, the
denudation rates determined for these catchments from 36Cl in magnetite differ from those
calculated using the concentrations from (Hahm et al., 2014) by at most 10%. This good
agreement may suggest that these watersheds have a lower intrinsic level of variation or,
alternatively, this may be an artifact of the small number of repeat measurements that compose
the population.
Nevertheless, it is remarkable that the Foster & Anderson (2016) and Fort Sage datasets
produce populations of repeat measurements with similar levels of variation to those presented in
this study. This supports an approximately ~20% variability as the level of scatter intrinsic to the
cosmogenic nuclide denudation rate method in small watersheds. Thus, the best explanation for
the observed variance in the 36Clmt to 10Beqtz denudation rate ratios may be the effects of
stochastic erosional processes. Although the possibility of small systematic biases, especially due
to specific characteristics of individual watersheds, cannot be ruled out, resolving these would
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require a larger sample size that would idealistically encompass more repeat measurements at
each of the catchments.

6.7 Significance of Neutron Capture and Ti Spallation Production
All three of the northern Sierra sites contain variable amounts of volcanic rock. These
therefore provide an opportunity to explore applicability of magnetite to determining denudation
rates on volcanic lithologies. Although the generally good agreement between denudation rates
from quartz and magnetite at the northern Sierra sites is encouraging, several problems are also
encountered. The first of these arises from the existence of solid solution at high temperature
between magnetite and ulvöspinel (Fe2TiO4). For intrusive rocks that crystallize slowly, the
titanium-rich magnetite tends to exsolve into magnetite and ilmenite, however this is not the case
for extrusive volcanic rocks, which often contain appreciable concentrations of titanium. This
poses a significant complication for two reasons: oxalic acid is largely ineffective at dissolving
high-titanium magnetite because the autocatalytic reduction mechanism that facilitates the
dissolution of pure magnetite is not operable on ulvöspinel that lacks ferric Fe to be reduced, and
because the production rate of 36Cl from Ti has not been empirically calibrated in terrestrial
samples, forcing a reliance on theoretical production rate estimates that are highly uncertain. To
more accurately determine denudation rates using magnetite on extrusive igneous rocks this
production mechanism must be better constrained.
The second problem becomes apparent when considering that all the watersheds in which
the magnetite contained more than 2 ppm stable chloride (Table 2.3, Fig. 2.4) contained
significant outcrop areas of the Mehrten formation. In these watersheds, neutron capture
accounts for between about 5 and 25% of total 36Cl production (Fig. 2.4), suggesting that the
chloride contents of magnetite from extrusive igneous rock may be higher than magnetite from
plutonic rock. It is possible that this chloride is present in crystallographic defects where it
balances the charge surplus from isomorphously substituted Ti. Further work is needed to
constrain the precise source of the stable chloride and to further reduce sample chloride contents
to minimize the uncertainties associated with low-energy neutron capture production.
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7. Conclusions
Denudation rates were determined with magnetite and quartz at 12 watersheds around the
Sierra Nevada region. The denudation rates from 36Cl in magnetite and 10Be in quartz show good
agreement with one another within the range of variability typical of small catchments.
Conversely, 10Be in magnetite produces denudation rates that skew lower than those from the
associated quartz samples. This suggests that meteoric 10Be was not fully removed from the
magnetite during chemical pre-treatment. Thus, 36Cl is the more reliable nuclide for determining
denudation rates with magnetite.
The 36Clmt to 10Beqtz denudation rate ratios are distributed roughly uniformly around
unity. This indicates that magnetite produces similar denudation rates to quartz across a range of
low to moderate soil weathering intensities and in both coniferous forest and scrubland
environments. Nevertheless, the possibility of a small, systemic weathering bias, especially
where weathering intensity is high or where soils are seasonally waterlogged and reducing,
cannot be eliminated. The best way to resolve weather differential weathering is important in any
environment is to directly quantify magnetite and quartz enrichment across the soil/subsoil
interface.
Quartz enrichment may be quantified with zirconium concentrations, while magnetite
abundances could be measured separately using magnetic susceptibility. Magnetite has an
exceptionally high intrinsic susceptibility and usually dominates the susceptibility signal in soils
and rocks. Well-established relationships between magnetic susceptibility and magnetite content
allow measurements of the former to provide semi-quantitative estimates of the latter (Evans and
Heller, 2003). Magnetic susceptibility has been shown to be correlated with degree of magnetite
weathering (Grimley and Arruda, 2007) and field measurements of magnetic susceptibility may
provide a simple and effective means to directly determine magnetite enrichment or depletion
across the subsoil/soil interface and to potentially infer the size of the chemical enrichment
correction.
Although the results presented in this chapter suggest that magnetite is a promising target
mineral for extending cosmogenic nuclide analysis to environments with a paucity of quartz,
there are still several challenges that must be overcome before magnetite can be regarded as
equally as effective as quartz. These include a precise empirical calibration of the 36Cl
production rate on Ti as well as a better characterization of the sources of stable chloride in the
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magnetite separates and how to best treat catchment-averaged neutron capture production in
samples where stable chloride cannot be eliminated. If these challenges can be successfully
addressed, 36Cl in magnetite, and Fe-Ti oxides more generally, may serve as an ideal
nuclide/target mineral pair for determining erosion and weathering rates on mafic to intermediate
igneous rocks with a paucity of quartz and in that capacity become a useful new tool for
investigating the dynamics of volcanic landscapes.
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Fig. 2.1: Topographic maps of study watersheds in California. Simplified bedrock geology is
shown for the northern Sierra watersheds. Dimensionless denudation rate ratios between
magnetite and quartz with one sigma uncertainties are given adjacent to watershed names.
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Fig. 2.2: 36Clmt/10Beqtz denudation rate ratios at all study watersheds.

Fig. 2.3: 10Bemt/10Beqtz denudation rate ratios in Southern Sierra Critical Zone Observatory.
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Figure 2.4: Ternary diagram showing the relative importance of neutron capture, Fe spallation,
and other spallation to the total 36Cl production in both the production rate samples considered in
Chapter 1, and the erosion rate samples presented in this chapter. The northern Sierra Nevada
watersheds lie off the neutron capture axis due to high concentrations of Ti.
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Table 2.1: Study watershed locations, elevations, and areas as well as percent area underlain by
volcanic, granitic, and sedimentary rock within each watershed
Location

Mean Elevation

Site
Latitude ◦N
Northern Sierra
Upper Pilot
38.925
Lower Pilot
38.916
Upper San Antonio
38.316
Lower San Antonio
38.303
Upper Jawbone
38.007
Lower Jawbone
37.988
Southern Sierra
P301
37.069
P303
37.058
D102
37.042
SR-1
37.040
Fort Sage
Small Catchment
40.091
Large Catchment
40.090

Bedrock Composition

(m asl)

Area (km2)

-120.472
-120.486
-120.270
-120.296
-119.961
-119.964

1629
1583
1567
1482
1786
1707

18.4
27.6
8.11
21.92
13.67
30.48

18
35
33
37
52
29

0
0
67
58
48
64

82
65
0
5
0
7

-119.198
-119.188
-119.192
-119.276

1998
1907
1796
1321

0.805
0.905
0.971
0.484

0
0
0
0

100
100
100
100

0
0
0
0

-120.067
-120.062

1476
1521

0.13
0.41

0
0

100
100

0
0

Longitude ◦E

% Volcanic

% Granite

% Sedimentary

Table 2.2: Measured 10Be and 36Cl concentrations in quartz and magnetite.
[10Be]qtz
Site
Northern Sierra
Upper Pilot
Lower Pilot
Upper San Antonio
Lower San Antonio
Upper Jawbone
Lower Jawbone
Southern Sierra
P301
P303
D102
SR-1
Fort Sage
Small Catchment '13
Small Catchment '15
Large Catchment '13
Large Catchment '15

3

[10Be]mt
-1

3

[36Cl]mt
-1

3

-1

10 (atoms g )

+/-

10 (atoms g )

+/-

10 (atoms g )

+/-

470
459
331
382
299
321

10
8
6
7
6
6

-

-

144
203
134
140
153
98

6
7
5
4
4
3

303
303
176
217

4
5
4
4

229
165
113
100

10
8
1
1

94
81
53
45

6
5
4
2

170
79
221
214

6
3
7
4

312
212
-

5
6
-

25
84

1
3
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Table 2.3: Measured concentrations of 36Cl target elements in detrital magnetite.

Northern Sierra
Upper Pilot
Lower Pilot
Upper San Antonio
Lower San Antonio
Upper Jawbone
Lower Jawbone
Southern Sierra
P301
P303
D102
SR-1
Fort Sage
Small Catchment
Large Catchment

ppm Cl

+/-

ppm K

ppm Ca

wt. % Ti

wt. % Fe

11.1
9.2
10.0
9.5
7.5
1.5

1.5
0.5
0.9
0.7
0.4
0.3

49
43
88
47
81
42

1392
745
1136
916
828
154

5.1
5.7
4.3
3.3
1.9
0.7

66.2
65.6
67.2
68.4
70.1
71.6

1.7
1.1
0.0
0.2

1.2
0.9
0.0
0.3

41
10
18
41

482
45
45
14

0.2
0.0
0.1
0.0

72.1
72.3
72.3
72.3

1.1
0.6

0.3
0.4

15
15

99
103

0.1
0.1

72.3
72.3

Table 2.4: Parameters used in the denudation rate calculations. Parameters k1, k2, etc. are
equivalent to the coefficients before the exponential terms in Eqn. 2.14. See text for units and a
description of the parameters.
Site
Northern Sierra
Upper Pilot
Lower Pilot
Upper San Antonio
Lower San Antonio
Upper Jawbone
Lower Jawbone
Southern Sierra
Judd2
Judd3
Judd4
Judd5
Fort Sage
Small Catchment
Large Catchment

Λf

Ps-Be

Ps-Cl

P1

P2

P3

k1

k2

k3

k4

k5

L1

L2

156
156
156
156
156
156

13.33
12.90
12.57
11.84
14.59
13.81

4.72
4.51
4.39
4.02
4.86
4.38

0.08
0.08
0.08
0.08
0.09
0.09

0.02
0.02
0.02
0.02
0.01
0.01

0.03
0.03
0.03
0.03
0.03
0.03

0.12
0.10
0.15
0.12
0.11
0.02

0.20
0.16
0.19
0.15
0.15
0.03

1.33
1.07
1.46
1.11
1.12
0.20

-1.83
-1.47
-1.61
-1.24
-1.30
-0.22

-0.72
-0.58
-0.84
-0.64
-0.63
-0.12

1.54
1.54
2.01
1.72
1.77
1.86

8.11
8.11
10.95
9.36
9.53
10.13

157
157
157
156

16.48
15.50
14.39
10.24

5.25
4.83
4.49
3.20

0.09
0.09
0.09
0.07

0.02
0.03
0.03
0.03

0.02
0.02
0.02
0.01

0.04
0.02
0.00

0.04
0.02
0.00

0.32
0.19
0.02

-0.31
-0.19
-0.02

-0.19
-0.11
-0.01

2.01
2.01
2.01

11.05
11.05
11.05

155
155

12.15
12.56

3.92
3.80

0.07
0.07

0.03
0.03

0.02
0.02

0.01
0.02

0.01
0.02

0.08
0.16

-0.08
-0.15

-0.05
-0.09

2.01
2.01

11.05
11.05
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Table 2.5: Apparent denudation rates from 36Cl and 10Be magnetite and 10Be in quartz and
36
Clmt/10Beqtz and 10Bemt/10Bemt denudation rate ratios.
Denudation 10BeQtz
-2

-

Site
tons km yr
Northern Sierra
Upper Pilot
48.8
Lower Pilot
48.5
Upper San Antonio
65.7
Lower San Antonio
53.9
Upper Jawbone
83.8
Lower Jawbone
74.2
Southern Sierra
P301
93.0
P303
87.9
D102
141.0
SR-1
83.0
Fort Sage
Small Catchment '13 126.7
Small Catchment '15 274.1
Large Catchment '13
94.5
Large Catchment '15
97.4

Denudation 10Bemt
-2

Denudation 36Clmt

D36-mt / D10-qtz

D36-mt / D10-mt

D10-mt / D10-qtz

+/-

tons km-2yr-

+/-

-

-

61.9
38.9
64.5
53.7
57.4
69.0

5.2
2.8
5.6
4.1
3.8
3.3

1.32
0.83
1.01
1.04
0.70
0.96

0.12
0.07
0.09
0.08
0.05
0.05

-

-

-

-

2.7
2.7
4.5
2.5

62.9
85.5
116.3
95.6

3.1
4.5
3.2
2.5

89.6
93.8
129.1
106.8

7.4
7.0
10.6
5.1

0.98
1.09
0.93
1.32

0.09
0.09
0.08
0.08

0.70
0.91
0.90
0.90

0.10
0.09
0.09
0.05

0.68
0.97
0.83
1.15

0.04
0.06
0.03
0.05

5.7
12.2
3.8
3.1

35.4
52.2
-

1.1
2.1
-

244.0
69.5

14.2
3.8

0.90
0.73

0.07
0.05

-

-

0.28
0.55
-

0.02
0.03
-

+/-

tons km yr

1.6
1.5
2.1
1.7
2.8
2.2

-

+/-

+/-

+/-
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CONCLUSIONS

In this thesis, magnetite was developed and tested as a target mineral for determining
catchment-averaged denudation rates using in situ-produced 10Be and 36Cl. The results indicate
that 36Cl in magnetite can produce denudation rates that are in broad agreement with those from
the well-established method using 10Be in quartz, whereas 10Be in magnetite tends to
underestimate the denudation rate due to presence of persistent meteoric 10Be contamination in
the magnetite mineral separates.
Three primary challenges to developing magnetite as a denudation rate target mineral
were addressed in this thesis: a set of chemical procedures to chemically isolate beryllium and
chlorine from magnetite mineral separates and to separate the in situ-produced cosmogenic
nuclide signal from the meteoric signal were presented and tested, the production rates of 10Be
and 36Cl in magnetite were calibrated in geological samples, and denudation rates from magnetite
were evaluated against those from quartz across a range of weathering environments in order to
establish that the two minerals produce identical denudation rates regardless of weathering
intensity.
The first two of these challenges were approached in Chapter 1. In that chapter,
procedures to obtain magnetite separates, clean them of meteoric 10Be and 36Cl, and prepare Be
and Cl targets for AMS analysis were presented and discussed. The production rates of 10Be and
36

Cl in magnetite were then geologically calibrated at a set of sites in high-elevation glaciated

catchments in the eastern Sierra Nevada of California as well as a single site on a slowly eroding
ridgetop in Minas Gerais, Brazil. The calibrations were conducted against independently
constrained exposure histories (absolute calibration – Sierra only) as well as 10Be concentrations
in closely associated quartz (relative calibration – Sierra and Brazil). The results of the relative
calibration are preferred because the data in that approach exhibit less scatter than those in the
absolute calibration. The results indicate that the 10Be in magnetite to 10Be in quartz production
rate ratio is approximately 0.530 +/- 0.019 and the 36Cl in magnetite to 10Be in quartz production
rate ratio is 0.310 +/- 0.07, which is equivalent to an element-specific production rate of 1.72 +/0.04 atoms g Fe-1 yr-1 at sea level and high latitude. Several of the 10Be production rate
calibration samples produced ratios that skew towards values that are much higher than the
others, suggesting that meteoric 10Be was not completely removed by the cleaning procedures.
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The 36Cl production rates calibrated in the Sierra Nevada and in Brazil agree well with one
another and with prior work, indicating that any variation in the production rate ratio with
altitude or latitude is below the resolution of the data.
In Chapter 2, the production rates calibrated in Chapter 1 were applied to test denudation
rates from magnetite in 12 catchments across a variety of weathering conditions in the Sierra
Nevada region in order to establish how similarly magnetite and quartz behave in soil weathering
environments. If the two minerals are equally resistant to weathering, then the same approach
that is widely applied to infer denudation, erosion, and weathering rates from measured
concentrations of 10Be in quartz and zirconium enrichment across the soil/subsoil interface
should be equally applicable for 36Cl in magnetite. Across the whole sample set, the two minerals
appear to give the same denudation rate within the expected level of variability. The mean
denudation rate ratio between magnetite and quartz is 0.98 +/- 0.06, with a standard deviation of
~20%. Although large, dispersion of this magnitude is typical of repeat cosmogenic denudation
rate datasets in small watersheds with moderate to high relief. The good agreement of the mean
denudation rate ratio with unity suggests that any systematic differential chemical weathering
signal in the study watersheds must be small and below the resolution of the data.
Some samples in both the calibration and denudation rate datasets display an excess of
10

Be. This is likely due to the presence of a small amount of meteoric 10Be that survived the

sample cleaning pre-treatments. The persistence of meteoric contamination may be related to
beryllium’s affinity for substitution into secondary Fe oxy-hydroxides. Because 10Be tends to
accumulate in soil surface horizons, any beryllium that is equilibrated with the soil solution
before incorporating into secondary minerals will have an exceptionally high 10Be/9Be ratio.
Therefore, even very small amounts of beryllium bearing secondary oxides may significantly
bias the in situ-produced signal. Although the reductive dissolution procedures tested herein
greatly reduced the meteoric 10Be contents of the magnetite samples, reductive dissolution may
not allow complete cleaning of meteoric 10Be without losing an unacceptably large quantity of
primary magnetite.
Conversely, the measured 36Cl concentrations do not appear to be significantly affected
by meteoric contamination. Chlorine behaves as a conservative ion in the soil system and tends
not to be retained in the surface soil horizons. Therefore, the concentration of 36Cl in the soil
solution will usually be similar to rainwater, with a 36Cl/ClTot that is on the same order of
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magnitude as the ratios typically measured in spiked geological samples. This means that an
exceptionally large quantity of meteoric origin chloride is required to the shift the measured
36

Cl/ClTot of most samples by a noticeable amount.
This works suggests that 36Cl in magnetite may be a suitable nuclide/target mineral pair

for determining denudation rates on mafic to intermediate volcanic rock that does not have
quartz. More generally, it underscores the potential for applying 36Cl in diverse minerals to
quantify denudation and other geomorphic process rates. The recent resolution of long-standing
production rate discrepancies as well as progress towards the suppression of the interfering 36S
isobar during AMS measurement make this nuclide increasingly promising. 36Cl has already
been successfully measured in major rock-forming minerals such as plagioclase and alkali
feldspars, pyroxenes, and now Fe-Ti oxides, and may be measured in many more due to its
numerous production pathways and relative ease of removing meteoric 36Cl. The different depth
dependencies of the diverse 36Cl production pathways, as well as the sensitivity of low-energy
neutron capture to water content and other environmental parameters, make 36Cl an attractive
nuclide with which to explore a range of unanswered geomorphic questions.
However, before magnetite or other Fe-Ti oxides may be regarded as mature target
minerals, several aspects of the procedures presented and evaluated in this thesis must be further
refined. The two most important of these are a precise geological calibration of the 36Cl
production rate from Ti and the development of protocols to more reliably minimize the stable
chloride contents of magnetite mineral separates. With these refinements, 36Cl in magnetite may
serve as the ideal nuclide/target mineral pair to explore the weathering, erosion, and evolution of
volcanic landscapes.
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APPENDIX A. METEORIC 10BE IN MAGNETITE

1. Introduction
Many of the 10Bemt/10Beqtz ratios presented in this thesis were higher than the expected
production rate ratio. This indicates that meteoric 10Be often persisted in the magnetite samples
through the cleaning procedures used in Chapters 1 and 2. Although the initial objective of this
project was to develop 10Be in magnetite for use in weathering and erosion studies, as the
difficulty in reliably measuring the concentration of in situ 10Be free from meteoric interference
became increasingly apparent, the focus of the project shifted towards 36Cl. Nevertheless, the
issue of meteoric 10Be in magnetite warrants discussion, as this may inform future efforts to
develop new in situ 10Be target minerals.
This appendix is organized into three parts. The first part presents a brief discussion of
meteoric 10Be, outlines beryllium’s behavior in the near-surface weathering environment, and
reviews chemical methods used to clean samples of meteoric 10Be in previous attempts to
develop new in situ 10Be target minerals. The second part presents data concerning meteoric 10Be
in magnetite collected during this project including: 10Be concentrations measured through the
sequential dissolution of a detrital magnetite sample, observations concerning the dithionitecitrate-bicarbonate (DCB) extractions that were used to remove secondary Fe oxy-hydroxides
(henceforth Fe-oxides), and a concise summary of the entire 10Bemt/10Beqtz dataset. The third
section draws inferences from this data and the behavior of beryllium in the weathering
environment to argue that the most likely source of the meteoric 10Be often encountered in
magnetite is trace amounts of secondary Fe-oxides containing isomorphously substituted
beryllium that was equilibrated with the soil solution.

2. Overview of Meteoric 10Be
Meteoric 10Be is produced in the atmosphere through cosmic ray reactions on N and O.
The production rate of 10Be declines with atmospheric depth such that nearly two-thirds of
production occurs in the stratosphere and about one third in the troposphere (Heikkilä et al.,
2013; Lal and Peters, 1967). The production of 10Be in the atmosphere is modulated by the
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geomagnetic field and is highest at the poles and falls-off towards equatorial latitudes. Newly
produced 10Be is efficiently adsorbed by aerosol particles and rapidly removed from the
atmosphere by precipitation and dry-fall such that the mean residence time of 10Be is only about
one year in the stratosphere and no more than several weeks in the troposphere (Heikkilä et al.,
2008; McHargue and Damon, 1991; Raisbeck et al., 1981).
10

Be produced in the stratosphere may be subject to significant transport and mixing

before deposition. This serves to homogenize the atmospheric 10Be inventory and to mute
expression of the latitudinal production rate gradient in the geographic distribution of surface
deposition rates. Thus, the deposition rate at any site on the Earth’s surface may only be loosely
correlated with the 10Be production rate in the air column above that site, but may be strongly
influenced by the precipitation rate and the amount of stratospheric mixing with the troposphere
(Heikkilä et al., 2009, 2013; Willenbring and von Blanckenburg, 2010). In general, higher
precipitation rates are correlated with greater meteoric 10Be deposition rates and deposition rates
tend to be higher in the mid-latitudes, which experience more frequent air exchange across the
tropopause, than at high and low latitude locations with similar amounts of precipitation
(Heikkilä et al., 2008).
Globally, the meteoric 10Be deposition rate is thought to vary by approximately a factor
of three to four, ranging from around .6 x 106 to 2 x 106 atoms cm-2 yr-1 (Brown et al., 1989;
Graly et al., 2011; Heikkilä and von Blanckenburg, 2015; Monaghan et al., 1986). This means
that the depositional flux of meteoric 10Be is around 2-4 orders of magnitude greater than the
total depth-integrated, in situ 10Be production rate in most minerals. Meteoric 10Be, once
deposited, tends to be strongly retained in the uppermost part of the sub-surface (Brown et al.,
1981; Pavich et al., 1984). This is because beryllium, the second lightest metal, forms a small ion
in the 2+ charge state that has a high ionic potential and hence is strongly hydrolyzing. It will
therefore precipitate from aqueous solution as a hydroxide across a broad range of environmental
pH (~6-12) (Aldahan et al., 1999; Boschi and Willenbring, 2016; Measures and Edmond, 1983;
Veselý et al., 1989) and will co-precipitate with both Fe and Mn (Bourles et al., 1989).
The 10Be/9Be ratio in the soil will reflect a balance between the 10Be deposition rate and
the release rate of 9Be by mineral weathering (von Blanckenburg et al., 2012). As the mean 9Be
content of crustal rocks is no more than a few ppm, this can lead to 10Be/9Be ratios in the soil
reactive phase and in secondary minerals forming in equilibrium with the soil solution that are
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often on the order of 10-9 to 10-8 (Bacon et al., 2012; Conyers, 2014; von Blanckenburg et al.,
2012). This is about 3-5 orders of magnitude greater than the 10Be/9Be ratios typically measured
in spiked in situ samples and implies that the a nanogram of soil affinity beryllium (with a
10

Be/9Be ratio of about ~10-8) remaining in a sample may introduce as much as 670 x 103 atoms

of unwanted meteoric 10Be. This clearly illustrates that quantitatively cleaning mineral separates
of meteoric 10Be is essential to the successful application of in situ 10Be.

3. 10Be in Other Target Minerals
Since quartz was established as the first practical target mineral for in situ 10Be (Lal et al.,
1986; Nishiizumi et al., 1989), there have been several attempts to expand in situ 10Be to new
minerals. These focused on a range of minerals including calcite, feldspars, olivine, and
pyroxenes and met with variable degrees of success (Blard et al., 2008; Granger et al., 2005; IvyOchs et al., 2007; Kober et al., 2005; Merchel et al., 2008; Nishiizumi et al., 1990). One of the
most important aspects of each of these studies is the method used to remove meteoric 10Be from
the target mineral separate. There are several ways in which meteoric 10Be may be incorporated
into a sample: the 10Be may be held electrostatically by mineral surface charge (Taylor et al.,
2012), precipitated as a Be-hydroxide or other reactive phase (Aldahan et al., 1999; Wittmann et
al., 2012), or incorporated into the crystal structure of secondary minerals (Barg et al., 1997).
Successful cleaning of mineral separates for in situ 10Be requires addressing each of these
possible pools. While surface adsorbed and precipitated beryllium may be readily removed by
leaching in acidic solution, meteoric 10Be incorporated into secondary minerals often proves to
be more problematic.
Previous workers employed both partial dissolution of the bulk mineral separate and
selective dissolution of 10Be-bearing weathering products to address this problem. The partial
dissolution or etching approach was first described for quartz by Kohl and Nishiizumi (1992).
These authors demonstrated that the amount of meteoric 10Be released from quartz separates
rapidly reduces to a steady value after a few dilute HF/HNO3 leaches. Similarly, sanidine and
reportedly plagioclase may be cleaned of meteoric 10Be by slightly more rigorous etching or
partial dissolution in HF/HNO3 (Blard et al., 2013; Ivy-Ochs et al., 2007; Kober et al., 2005).
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Conversely, partial dissolution often fails to remove all meteoric 10Be from carbonate samples.
(Merchel et al., 2008).
The targeted dissolution of weathering products is less often used than the partial
dissolution approach. An early example of targeted dissolution is found in Nishiizumi et al.
(1990). In this study HCl was used to dissolve weathering products in olivine mineral separates
from Hawaii in an exploratory study of 10Be in that mineral. More recently, Blard et al. (2008)
revisited 10Be in olivine (in addition to pyroxene) using a sequential leaching protocol. This
involved fine crushing and leaching in hydroxylamine-hydrochloride buffered with acetic acid
followed by HCl to dissolve secondary minerals. In this thesis, variants on both the partial
dissolution and selective leaching approaches are tested for magnetite.

4. Data

4.1 Reductive Dissolution Experiment
Analysis of the 10Be content of the leachates produced through sequential dissolution of a
target mineral separate is one of the best ways to established whether this approach successfully
removes all meteoric 10Be (Kohl and Nishiizumi, 1992). Magnetite weathers to a range of
secondary Fe-oxide minerals including maghemite, goethite, and hematite which may potentially
incorporate 10Be from the soil. If the formation of weathering products occurs primarily at the
grain surface, then these should be removed in the first few steps of a sequential dissolution,
leaving intact a core of clean magnetite. Thus, through a leaching sequence the concentration of
10

Be in the leachate should decline to a steady value as secondary Fe-oxides are progressively

dissolved leaving primary magnetite containing only in situ-produced 10Be.
A dissolution experiment was conducted on the magnetite sample collected from the
large catchment at Fort Sage in 2013 (see Chapter 2, Section 2.1). This was subject to the basic
magnetite physical separation procedure, but received no chemical pre-treatment and did not
receive secondary fine-grinding. The dissolution was conducted using 1 M hydroxylaminehydrochloride in 1 M HCl. The hydroxylamine acts as a strong reducing agent while the
hydrochloric acid keeps Fe in solution as Fe-chloride complexes. The reductive dissolution

90
mechanism means that this procedure should dissolve oxidized secondary Fe-oxides somewhat
faster than primary magnetite.
The dissolution procedures were modified from those used for extracting 10Be from
crystalline oxides in Wittmann et al. (2012). The magnetite separates were dissolved in a series
of 7 steps. Dissolution was conducted in PTFE jars on a hotplate at ~ 80° C. After each step, the
leachate was decanted from the dissolution jar into a separate PTFE container and the sample
then rinsed 3 times in .5 N HCl reduce 10Be cross-talk between leaching steps. The rinsates were
combined with the leachate which was then spiked with ~250 μg of 9Be. Nitric acid and
hydrogen peroxide were added to eliminate residual hydroxylamine-hydrochloride and convert
Fe2+ to Fe3+ and then the solution was taken to dryness. Beryllium was isolated using the
procedures described in Section 3.2.5 of Chapter 1. After each extraction the sample was dried
under a heat lamp and then massed. The mass of sample dissolved in each leach was determined
by differencing the mass before and after the extraction. Following the 6th hydroxylaminehydrochloride extraction the remaining sample was spiked with 9Be and dissolved in aqua regia.
Beryllium was isolated as described in Section 3.2.5 of Chapter 1. Measurements of 10Be/9Be
were made with the PRIME Lab AMS as described in Section 3.4 of Chapter 1.
Measured concentrations of 10Be in the sample dissolved in each step of the sequential
leaching experiment are given in Table A1.1 and graphed in Fig. A1.1. No blank correction was
made, although contemporary 10Be/9Be ratios of chemistry blanks were generally less than 5 x
10-15. The results show that the concentration of 10Be in the leached fraction declines from more
than 200 x 106 atoms g-1 to approximately 300 x 103 atoms g-1. Although this is a reduction of
nearly three orders of magnitude, the last step still contains more than twice the expected 10Be
concentration. If at some stage in the leaching procedure all meteoric 10Be was removed, then the
concentration of 10Be in the leachate would reach a steady concentration close to the value
predicted from the production rate ratio and the concentration of 10Be measured in quartz from
the same watershed. This was not observed. If the magnetite grains dissolve uniformly from the
grain exterior to the grain interior (i.e. dissolution is not strongly localized along crystallographic
defects, fractures, and other zones of weakness) then these results indicate that some meteoric
10

Be must be present in the internal portion of the magnetite grains. This experiment was

conducted on sand-sized magnetite that was not subject to the secondary fine grinding procedure
detailed in Chapters 1 and 2. As reducing grain size acts to maximize surface area exposed to the
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reducing solution and optimize removal of secondary minerals, all samples processed subsequent
to this experiment were finely ground.

4.2 Dithionite-Citrate-Bicarbonate
DCB extractions were the main method used to separate pedogenic Fe-oxides containing
meteoric 10Be from primary, lithogenic magnetite in this project. This procedure was first
described by Mehra and Jackson (1958) and has since entered into widespread use for extracting
both crystalline and non-crystalline secondary iron oxides for quantitative soil chemical analysis.
DCB was chosen as the main method to remove secondary Fe-oxides from magnetite because of
its selectivity for oxidized Fe-oxides vs. magnetite, in which Fe has a mixed valence state, and
because of its speed, relative ease, and non-hazardous nature.
The DCB procedure involves repeated additions of sodium dithionite to a solution of
sodium citrate and sodium bicarbonate. The dithionite serves as the reducing agent, while the
bicarbonate buffers the solution pH 7.3 to maximize dithionite’s stability. The reduction of Fe3+
to Fe2+ destabilizes the crystal structure of Fe3+ bearing minerals and facilitates dissolution, while
the citrate forms a complex with the Fe released and prevents the formation of an Fe(OH)2
precipitate that might coat grain surfaces and arrest the reaction. The operational procedure used
for the samples discussed in this thesis is given in Section 3.1.2 of Chapter 1.
Although the DCB treatment is selective for pedogenic Fe-oxides with Fe3+ over minerals
with Fe2+, the extraction does dissolve magnetite to some degree due to the presence of Fe3+ as
well as Fe2+ in that mineral (van Oorschot and Dekkers, 1999; Walker, 1983). Fig. A1.2 follows
the change in mass of a magnetite sample (OP2) through a series of six DCB extractions. The
mass of magnetite lost in each leaching step remains approximately constant through the
leaching sequence. If the DCB extraction exclusively removed secondary Fe-oxides, then the
mass lost in each extraction would be expected to decrease as the abundance of secondary Feoxides in the sample declines, thus the data indicate that a significant amount of magnetite is also
dissolved during the DCB extraction. Magnetite high in Ti may be less susceptible to reductive
dissolution than pure magnetite because of the lower abundance of Fe3+ due to coupled
substitution of Ti4+ with Fe2+ to maintain charge balance, reducing the size of this problem
(Cornell and Schwertmann, 2003). Nevertheless, considerable mass losses of magnetite are
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expected during a DCB extraction of a magnetite separate, so the intensity of the treatment must
be limited to preserve an adequate mass of sample for measurement of in situ 10Be.
An interesting aspect of magnetite’s behavior observed during the DCB extractions is that
the citrate solution often turned a deep blood-red when a magnetite sample is heated in the
solution for several minutes. This usually faded to brown or grey after the dithionite is added.
Although the magnetite samples were thoroughly washed, they could seldom be washed to the
point where the rinsate was clear. Rather, it was usually faintly red or orange, which was
suspected to be due to very fined grained secondary Fe-oxides suspended in solution. This was
confirmed by collecting and centrifuging the rinsate, which yielded a small quantity of red
mineral material. The development of the deep red color during heating likely reflects the
dispersion of these fine Fe-oxide particles in the high ionic strength citrate solution (Sposito,
2008). This suggests that dispersing the samples before the extraction and decanting off some of
the secondary Fe-oxides may increase the effectiveness of the DCB extractions by eliminating
the need to reduce the Fe3+ in these fine particles.

4.3 Complete 10Bemt/10Beqtz Dataset
The entire 10Bemt/10Beqtz dataset collected through the course of this project is presented in
Fig. A1.3. The straight mean of the measured 10Bemt/10Beqtz ratios is .82 with standard deviation
of .40. This indicates that not only are the measured ratios higher than the expected production
rate ratio of ~.53, but also that there is substantial scatter in the ratios. In general, the samples
that were analyzed after fine-grinding showed lower 10Bemt/10Beqtz ratios than the sand-sized
samples (e.g. the 2013 Fort Sage magnetite samples). Of the finely ground samples, the Brazilian
calibration samples, which contained the most intensely altered magnetite, produced ratios
slightly higher than the less altered samples from the Sierra Nevada region. However, the sample
10

Bemt/10Beqtz data does not appear to be strongly dependent on the number of DCB treatments or

weathering intensity within the Sierra Nevada region. Only two samples produced 10Bemt/10Beqtz
ratios that were lower than the expected production rate ratio. One of these, the denudation rate
sample SR-1, was discussed in Chapter 2. The concentration of 36Cl in magnetite for that sample
is also lower than expected, suggesting that the magnetite fraction may record a faster apparent
denudation rate than the quartz fraction, likely due to stochastic sediment transport and mixing
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processes (Chapter 2, Section 6.5). The calibration sample 97EV14A (aliquots 7, 9 and 10) also
produces a lower than expected ratio, although the reasons for this are more ambiguous.

4.4 Anomalous 10Bemt/10Beqtz Production Ratios
The three lowest 97EV14A aliquots are concordant and produce a 10Bemt/10Beqtz ratio
of .462 +/- .008. These were analyzed prior to the beginning of my thesis work and were reported
by (Granger et al., 2013b). However, this production rate ratio disagrees with that determined on
a second boulder from Mt. Evans (97EV11B) as well as the Sierra Nevada samples presented in
Chapter 1. There are at least two possible explanations for the discrepancy: the 97EV14A is an
outlier and lower production rate ratio is due to self-shielding and uneven distribution of the
magnetite within the boulder or anomalous magnetite composition, or that the other calibration
samples carry some inventory of meteoric 10Be that biased the results and that the theoretical
production rate of 10Be in magnetite (Chapter 1, Section 6.3) is inaccurate due to overestimation
of the excitation function for production of 10Be from Fe. 97EV14A was collected in 1997,
crushed and sieved, and stored in the PRIME Lab repository until magnetite was extracted and
analyzed in 2013. The original documentation of the sample’s setting and appearance were not
available. Likewise, the magnetite composition as not measured. This makes testing the 1st
hypothesis difficult, however I favor this hypothesis because four of the Sierra Nevada
calibration samples and the 97EV11B sample produce production ratio estimates that agree with
the theoretical value, suggesting that is a robust estimate. Nevertheless, due to the prevalence of
meteoric 10Be in magnetite separates, the second hypothesis cannot be excluded.

5. Discussion
The sequential dissolution experiment in conjuncture with the persistence of meteoric
10

Be in samples repeatedly extracted in DCB support that meteoric 10Be is strongly refractory in

magnetite. Meteoric 10Be is encountered in both highly weathered samples as well as in
relatively fresh magnetite and cannot always be completely removed, even after dissolution of a
large fraction of the sample.
To analyze the reasons for this it is instructive to briefly consider the chemistry of
magnetite weathering. Early alteration of magnetite often produces maghemite, which retains the

94
isometric, inverse spinel type structure of magnetite, with the Fe2+ converted to Fe3+. As
alteration progresses, maghemite may recrystallize as hematite under acidic or goethite under
basic conditions. These oxides are hexagonal and orthorhombic, respectively, which requires a
reorientation of magnetite’s isometric crystal structure during growth and provides
crystallographic controls on the process of alteration. Hematite, when pseudo-morphing
magnetite, tends to replace magnetite along the (111) planes, and therefore may propagate into
the interior of magnetite crystals along the octahedral cleavage planes (Anand and Gilkes, 1984;
Walker, 1983). As magnetite weathers, soluble cations are often leached, opening pore space on
the crystal margins or along weathering planes penetrating into the interior of the grains. This
may allow the soil solution to more readily exchange with secondary Fe-oxides forming at the
weathering front.
Secondary Fe-oxides may incorporate a wide array of cations by isomorphous
substitution, likely including beryllium. Substitution of Al as well as Mn, Ge, Cr, Ti, Co, Cu, Zn,
Pb, and other elements has been observed in goethite, with substitution of the smaller ions
generally being more favorable (Cornell and Schwertmann, 2003; Gerth, 1990; Norrish and
Taylor, 1961). Al substitution occurs for Fe3+ in the octahedral sites and can reach 1/3rd mole
percent in goethite and almost as high in hematite (Cornell and Schwertmann, 2003). This is
notable because the geochemical behavior of beryllium is similar to that of aluminum in the soil
environment making substitution of Be2+ for Fe3+ highly probable (Barg et al., 1997). Although
Be2+ substitution for Fe3+ would cause a charge deficit, this may be balanced by surface
exchangeable cations or by the coupled substitution of a tetravalent cation such as Ge4+, Pb4+, or
Ti4+ (Gerth, 1990).
Indeed, pedogenic goethite with a beryllium content as high as 100 ppm has been
reported (Grigor’yev, 1986). This is a factor of 40 higher than the mean 9Be concentration of
crustal rocks (von Blanckenburg et al., 2012). Thus, goethite and other secondary Fe-oxides that
crystallize in equilibrium with the soil solution will be labeled with an enormous amount of
meteoric 10Be. If, after several DCB extractions, a magnetite separate is cleaned to the point
where it contains only 1 ppm secondary Fe-oxides, but these contain 100 ppm beryllium with a
10

Be/9Be ratio of 10-8, then the sample will have approximately 67 x 103 atoms g-1 meteoric 10Be.

This is more than enough to account for most of the elevated 10Bemt/10Beqtz ratios reported in this
thesis. Although it is not clear to what level the concentration of secondary Fe-oxides was
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reduced by the DCB extractions, this simple calculation illustrates the potential for even trace
amounts of secondary Fe-oxides to introduce a non-negligible quantity of meteoric 10Be.
Although the DCB extractions successfully reduced the meteoric 10Be content of magnetite by
several orders of magnitude compared with the first leach in the sequential dissolution
experiment, this reduction was not adequate to completely clean more than half the analyzed
samples (Fig. A1.3). Although further reduction might be achieved by more leaching, during a
DCB extractions significant magnetite mass losses accrue. As such, it may not be possible to
quantitatively remove meteoric 10Be from magnetite separates while preserving enough sample
to make a precise measurement of in situ 10Be.

6. Conclusions
Meteoric 10Be is persistent and difficult to completely remove from magnetite samples.
This is most likely because 10Bemet is partitioned into pedogenic Fe oxides forming in
equilibrium with the meteoric 10Be enriched soil solution. Even trace quantities of pedogenic
oxides may contain enough meteoric 10Be to skew the measured concentration significantly
above the in situ-produced inventory. Thus, the primary challenge to developing 10Be in
magnetite remains producing an adequately clean mineral separate. The DCB extractions
employed in this thesis greatly reduced the meteoric 10Be content of most magnetite samples, but
did not reliably eliminate contamination altogether. This approach may be more successful for
titanomagnetite or ilmenite than for pure magnetite because these minerals contain less Fe3+ to be
reduced would therefore allow for a more intense leaching regimen while preserving an adequate
amount of the primary mineral fraction. However, perhaps the most promising novel in situ 10Be
target minerals are those that differ significantly in composition and structure from their
weathering products, such that complete separation of the two is readily achievable.
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Fig. A1.1: Change in 10Be concentration through sequential dissolution of detrital magnetite in
hydroxylamine-hydrochloride. The grey line represents the theoretical in situ concentration
derived from 10Be in quartz and the theoretical 10Bemt/10Beqtz production rate ratio of .528.
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Fig. A1.2: Sample mass loss through a series of six DCB extractions on OP2.
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Fig. A1.3: [10Bemt]/[10Beqtz] in all samples measured in this project. More than half the ratios are
above the production rate ratio.

Table A.1.1: Data from the sequential leaching experiment. The first 6 dissolution steps were
conducted in 1M hydroxylamine-hydrochloride and the last step in aqua regia
Leach #
1
2
3
4
5
6
Final

time
(h)
24:40
23:15
24:45
25:30
110
70
N.A.

Volume
(ml)
100
100
100
100
100
200
Aqua Regia

Mass Dissolved
(g)
3.124
5.685
4.402
4.994
4.532
7.270
2.582

[Be-10]
3

error
-1

10 (atoms g )
180505
4506
1606
2348
727
317
293

3

10 (atoms g-1)
3346
340
148
113
60
42
91
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APPENDIX B. SUPPLEMENTARY AMS DATA

Table A2.1: 10Be measurement data for the production rate calibration samples (Chapter 1).
Sample ID

Sample Mass

(g)
Sierra Nevada Magnetite
BL15-1
25.392
BL15-2
25.056
BL15-3 (2)
24.738
BlC-2
5.783
LL15-1
25.208
LL15-2 (2)
25.059
Blank (N.A.)
Sierra Nevada Quartz
BL15-1
28.473
BL15-2
31.688
BL15-3
30.816
BlC-2
30.110
LL1
30.543
LL2
30.274
Blank
Ouro Preto Magnetite
OP1-M
6.398
OP2-M
4.660
NL2-M
5.155
Blank
Ouro Preto Quartz
OP1-Q-1
11.238
OP1-Q-2
14.370
OP2-Q-1
10.151
OP2-Q-2
10.687
NL2-Q-1
10.064
NL2-Q-2
10.220
Blank
-

9

Be Carrier Mass

10

Be/ Be

9

Uncertainty

-15

(μg)

(10 )

(10-15)

367.473
365.3
367.1
270.2
350.5
375.3
-

296.23
224.50
241.37
141.57
312.01
385.36
-

8.31
10.37
7.40
6.02
7.16
8.45
-

295.8
287.2
296.2
287.2
287.0
296.2
287.6

738.76
689.28
748.98
534.68
859.42
827.77
4.89

12.94
16.47
17.19
13.93
16.73
14.13
1.63

283.2
281.6
282.4
283.3

403.6
422.7
15.4
5.7

24.0
15.3
2.3
0.8

281.8
284.2
283.8
286.3
285.9
284.7
283.7

993
1201
859
833
22
25
3.9

22
35
26
27
2
2
1.2
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Table 2.2: 26Al measurement data for the production rate calibration samples (Chapter 1).

Sample ID

Sample Mass

(μg)
1944
1858
1874
1976
1993
1964
2122

(g)
28.473
31.688
30.816
30.110
30.543
30.274
-

BL15-1
BL15-2
BL15-3
BlC-2
LL1
LL2
Blank

Total 26Al

26

Al/27Al

Uncertainty

-15

(10 )
65.65
54.48
65.27
45.71
65.09
65.36
0.93

-15

(10 )
2390.52
2210.91
2394.20
1739.38
2654.10
2705.40
2.08

Table 2.3: 36Cl measurement data for the production rate calibration samples (Chapter 1).
Sample ID
Sierra Nevada Mt.
BL15-3
LL15-2
FS15-SC
Blank
BL15-1
BL15-2
BL15-3 (2)
BlC-2
LL15-1
LL15-2 (2)
Blank
Direct Precip.

Sample Mass

Mass Carrier

36

Cl/ClTot
-15

Uncertainty
-15

35

Cl/37Cl
-15

Uncertainty
-15

(g)

(mg)

(10 )

(10 )

(10 )

(10 )

24.714
24.786
24.953
25.392
25.056
24.738
5.783
25.208
25.059
-

1.0340
1.0345
1.0198
2.0508
1.0098
1.0270
1.0131
1.0146
1.0278
1.0340
1.0367
-

198.08
230.63
35.42
3.99
263.33
209.15
214.24
49.79
247.77
241.38
26.32
7.05

6.42
6.84
1.71
0.63
256.28
202.10
207.19
42.74
240.72
234.33
19.27
1.95

9.86
10.55
25.87
57.64
19.36
40.76
21.06
86.63
51.09
15.75
69.52
-

0.05
0.06
0.43
0.75
0.19
0.39
0.05
4.39
0.62
0.13
6.84
-
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Table A2.4: 10Be measurement data for the denudation rate samples (Chapter 2).
Sample ID

Sample Mass

SSCZO Mt.
P301-1-M
P303-1-M
D102-1-M
D102-2-M
Soaproot1-1-M
Soaproot1-2-M
Blank
SSCZO Qtz.
P301-1-Q
P301-2-Q
P301-3-Q
P303-1-Q
P303-2-Q
P303-3-Q
D102-1-Q
D102-2-Q
D102-3-Q
Soaproot1-1-Q
Soaproot1-2-Q
Soaproot1-3-Q
Quartz Blank 1
Quartz Blank 2
Fort Sage Mt.
13FSLB-Mt.
13FSSC-Mt.
Blank (N.A.)
Fort Sage Qtz.
FS13-SC
FS13-LC
Blank (N.A.)
FS15-SC
FS15-LC
Blank
Northern Sierra Qtz.
Upper Pilot
Lower Pilot
Upper San Antonio
Lower San Antonio
Upper Jawbone
Lower Jawbone
Blank

9

Be Carrier Mass

10

Be/9Be

Uncertainty

-15

(g)

(μg)

(10 )

(10-15)

25.279
34.768
30.378
27.919
34.571
32.762
-

283.7
284.0
286.1
286.5
285.3
285.7
286.2

305
301
195
163
175
172
2.14

13
14
8
2
12
2
1.41

16.882
14.943
17.181
16.024
15.445
15.428
15.469
15.288
15.304
15.314
16.397
15.639
-

279.1
283.7
291.2
294.8
289.5
289.5
276.0
279.1
290.2
289.9
289.2
288.2
286.1
289.7

279.85
237.33
266.71
242.77
234.88
251.22
142.90
141.66
141.39
162.98
191.44
174.15
6.00
5.32

8.92
5.28
5.71
7.81
7.22
7.76
6.05
5.72
3.87
5.43
5.15
5.89
1.31
0.91

29.684
35.000
-

285.6
286.0
-

329
570
-

10
10
-

17.545
23.052
30.918
30.206
-

286.3
288.1
295.1
295.5
287.6

155.70
264.20
127.94
332.25
4.89

5.90
8.40
5.04
6.68
1.63

25.108
25.025
25.063
25.062
25.033
25.164
-

268.6
268.3
269.4
271.4
272.0
270.7
270.6

660.51
643.46
464.43
531.21
415.27
449.61
3.52

14.11
11.60
8.98
9.68
8.89
7.64
0.67
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Table A2.5: 36Cl measurement data for denudation rate samples (Chapter 2).
Sample ID

Sample Mass

SSCZO Mt.
P301
P303
D102
SR-1
Northern Sierra Mt.
Upper Pilot
Blank 1
Lower Pilot
Upper San Antonio
Lower San Antonio
Upper Jawbone
Lower Jawbone
Blank 2
Direct Precip.
Fort Sage
FS15-SC
FS15-LC
Blank 1
Blank 2
Brazil
OP1
OP2
Blank

Mass Carrier

36

Cl/ClTot
-15

Uncertainty

35

37

Cl/ Cl

Uncertainty

-15

(g)

(mg)

(10 )

(10 )

36.613
48.488
18.669
50.701

1.0122
1.0272
1.0195
1.0045

177.71
201.21
54.12
124.43

8.53
7.94
3.50
4.11

35.56
38.41
77.67
58.79

3.91
4.94
11.49
1.51

12.877
23.386
17.093
23.836
24.422
25.573
-

1.0600
1.0512
1.0870
1.0335
1.0540
1.0303
1.0677
1.0756
-

91.43
4.58
212.30
114.12
153.29
180.30
134.41
7.64
2.78

3.02
1.00
6.79
3.61
4.02
4.73
4.01
0.76
0.53

25.93
92.88
19.50
21.74
18.44
20.76
48.99
80.19
175.89

0.64
10.22
0.23
0.42
0.31
0.25
1.13
2.74
17.94

50.239
47.442
-

1.0240
1.0083
1.0339
0.0000

66.33
207.73
4.80
0.00

2.96
8.04
0.97
1.04

47.77
37.93
66.82
0.54

0.42
0.23
4.75
113.68

9.154
9.823

1.0378
1.0985

168.47
183.88

5.13
4.67

50.85
69.06

1.72
2.99
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Table 2.6: 10Be measurement data for samples discussed in Appendix A.

Sample ID

Sample Mass

9

Be Carrier Mass

(g)
Mt. Evans Mt.
97EV14A 5
35.549
97EV14A 5b
36.549
97EV14A 6
35.988
97EV14A 7
17.159
97EV14A 8
36.228
97EV14A 9
10.094
97EV14A 10
27.197
97EV14A-11
23.621
97EV11B-1
34.508
Mt. Evans Qtz
97EV14-A
40.330
97EV11-B
25.739
Sequential Leaching Experiment
1st
3.124
2nd
5.685
3rd
4.402
4th
4.994
5th
4.532
6th
7.270
Final
2.582

10

Be/9Be

Uncertainty

-15

(μg)

(10 )

(10-15)

564.9
564.9
284.7
285.0
285.2
286.2
286.8
277.8
267.9

2960
2840
7280
1058
7180
621
1610
1625
1900

60
70
80
25
90
11
30
33
60

282.0
278.8

5400
2319

120
33

284.5
284.6
288.0
275.6
287.3
285.5
284.4

29626
1345
367
636
171
121
39.8

275
51
17
15
7
8
6.2

Table A2.7: 36Cl measurement data for chloride liberated from the Sierra Nevada calibration
samples during fine-crushing (Chapter 1, Section 3.1.2)
Sample ID
Sierra Nevada
BL15-1
BL15-2
BL15-3
BLC-2
LL15-1
LL15-2
Blank

Sample Mass

Mass Carrier

36

Cl/ClTot
-15

Uncertainty

35

37

Cl/ Cl

Uncertainty

-15

(g)

(mg)

(10 )

(10 )

-

502.8
515.8
505.2
500.8
540.1
535.7
750.75

144.17
53.05
136.73
72.99
89.92
109.91
85.84

5.18
5.10
5.28
5.00
5.64
5.73
4.21

11.29
35.59
10.16
50.14
49.20
13.00
62.6

0.29
6.97
0.58
20.88
6.50
0.10
10.6
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